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16.  Abstract  (Continued) 

times  for  maintenance  becomes  less  of  a problem.  Used  in  conjunction  with  Omega 
signals,  the  VLF  communications  signals  will  provide  adequate  redundancy  and 
, usable  geometry. 

s A potentially  significant  benefit  offered  by  the  candidate  systems  considered 

is  the  support  of  non-precision  approach  (NPA)  requirements.  A separate  element 
of  the  study,  which  analyzed  all  systems  considered,  was  devoted  to  this  topic. 
Loran-C  was  found  to  exceed  the  NPA  requirements  in  all  regions  and  Differential 
Omega  exceeded  them  in  Alaska,  Alaska  Offshore  and  most  of  CONUS  Offshore.  The 
other  systems  did  not  meet  the  NPA  requirements  including  Differential  Omega 
over  CONUS. 

The  report  is  presented  in  three  separate  volumes.  Volume  I presents  the  executive 
summary  and  Volume  II  presents  the  detailed  technical  analysis  supporting  this 
summary.  Further  supportive  material  is  presented  in  the  appendices  which  make 
up  Volume  III. 
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I.  INTRODUCTION' 


Volume  II  is  the  second  of  three  volumes  entitled,  ^Loran-C, 
Omega,  and  Differential  Omega  Applied  to  the  Civil  Air  Navi- 
gation Requirements  of  CONUS,  Alaska  and  Offshore."'  This  volume 
presents  the  detailed  analysis  supporting  the  executive  summary 
of  Volume  I.  For  convenience,  the  format  of  Volumes  I and  II 
are  identical.  The  study  objectives  and  the  methodology  used 
to  achieve  these  objectives  are  the  subject  of  Section  II  of 
this  volume.  Section  2.2.3  presents  the  organization  of  the  re- 
mainder of  the  report.  Supportive  documentation  is  presented 
in  Volume  III  in  the  form  of  appendices. 


II.  PROGRAM  OBJECTIVES  AND  METHOD  OF  APPROACH 


2.1  OBJECTIVES 

The  primary  objective  of  the  study  discussed  in  this 
report  is  to  evaluate  Loran-C,  Omega,  Differential  Omega  and  the 
VLF  Communications  system,  as  to  their  ability  to  support  the 
current  and  future  domestic  air  navigation  requirements.  For 
this  study,  the  region  of  applicability  includes  CONIJS,  CONUS 
Off-shore,  Alaska  and  Alaska  Offshore.  The  Loran-C  system  is 
evaluated  as  both  primary  and  supplementary  systems  in  these 
regions  and  the  other  systems  are  evaluated  as  supplementary 
systems  only. 

The  primary  objective  can  be  achieved  by  establishing 
secondary  objectives  which  will  permit  a more  systematic  metho- 
dology to  be  implemented.  Two  secondary  objectives  have  been 
established,  these  are:  (1)  revalidate  the  navigation  system 
requirements  and  (2)  evaluate  the  candidate  systems  as  they  relate 
to  the  navigation  requirements.  With  these  secondary  objectives 
it  is  possible  to  subdivide  the  study  into  two  sequential  phases 
in  which  the  first  phase  addresses  the  navigation  requirements 
evaluation  and  the  second  phase  addresses  the  system  evaluation. 

The  method  of  approach  for  these  two  phases  is  discussed  in  the 
following  section. 

2.2  APPROACH 

2.2.1  Navigation  System  Requirements  Revalidation 

Revalidation  of  the  navigation  requirements  involves, 
as  an  initial  step,  gathering  all  current  information  pertaining 
to  this  particular  subject.  The  information  gathering  process 
was  begun  with  a literature  search  and  ultimately  ended  with 
personal  interviews  with  cognizant  personnel.  The  documents 
considered  in  the  literature  search  are  Referenced  [1]  through  [16]. 


L 


Personal  interviews  were  conducted  with  the  Federal  Aviation 
Administration  Headquarters  and  Regional  Offices  and  with  the 
user  groups  listed  in  Table  2.1. 

Subsequent  to  the  interviews,  navigation  system  require- 
ments categories  were  established.  Quantification  of  the  require- 
ments in  each  category  was  attempted  using  the  information 
gathered  from  the  literature  and  interview  surveys.  Where  in- 
sufficient information  existed  for  quantification,  an  attempt 
was  made  to  specify  quantities  with  reasonable  justification. 

The  end  product  is  a complete  quantification  of  the  requirements 
in  the  four  regions  of  concern  - CONUS,  CONUS  Off-shore,  Alaska 
and  Alaska  Off-shore. 

2.2.2  Candidate  System  Evaluation 

The  candidate  system  evaluation  was  performed  through  an 
extensive  literature  search  for  each  of  the  candidate  systems. 

The  documents  used  for  reference  are  listed  in  each  of  the 
Sections  corresponding  to  a particular  navigation  system  and, 
hence,  are  not  repeated  here.  Where  insufficient  data  was 
available  in  the  documentation  an  analysis  was  performed  to 
derive  the  data  necessary  for  system  requirements  evaluation. 

This  is  specifically  true  of  the  non -precis ion  approach  analysis 
which  addressed  the  candidate  navigation  system  capability 
to  meet  the  non-precision  approach  requirements. 

The  evaluation  process  was  performed  in  a format  similar 
to  the  navigation  requirements  such  that  comparison  between  the 
system  performance  characteristics  and  system  requirements  ~ould 
be  readily  accomplished.  The  evaluation  process  concluded  with 
an  evaluation  of  the  ability  of  each  system  to  meet  the 
requirements  and  an  assessment  of  implementation  factors.  The 
next  section  discusses  the  organization  of  the  report. 
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Table  2.1 

User  Groups  Interviewed 

Air  Transport  Association 

National  Pilots  Association 

Helicopter  Association  of  America 

Aircraft  Owners  and  Pilots  Association 

National  Business  Aircraft  Association 

Experimental  Aircraft  Association 

Alaska  Air  Carriers  Association 

Alaska  Airlines 

Wien  Air  Alaska 

Reeve  Aleutian  Airlines 

Evergreen  Helicopter  of  Alaska 

Sea  Airmotive 

Winship  Air  Service 

ARCO  . 

Petroleum  Helicopters,  Inc. 

Attendees  of  the  HAA  IFR  Helicopter  Offshore/ 
Remote  Area  Navigation  Conference,  June  30  - 
July  1,  1976,  New  Orleans,  Louisiana 


2.2.3  Report  Organization 


Section  III  presents  the  navigation  system  requirements. 

The  requirements  categories  representing  individual  subsections 
' of  Section  III,  include  coverage,  accuracy,  operational  consider- 

s ations,  capacity,  compatibility  and  reliability.  The  four 

candidate  navigation  systems,  Loran-C,  Omega,  Differential  Omega 
and  VLF  communications  are  the  subjects  of  Section  IV,  V,  VI  and 
; VII  respectively.  Since  the  non-precision  approach  analysis 

was  quite  extensive  it  is  presented  separately  in  Section  VIII. 
Section  IX  presents  specific  study  conclusions.  Backup  material 
is  presented  in  three  appendices  contained  in  Volume  III. 
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III.  NAVIGATION  SYSTEM  REQUIREMENTS 


This  section  presents  the  civil  air  navigation  requirement? 
in  the  form  of  tables  and  an  associated  description  of  the  table 
elements.  The  requirements  pertain  to  two  primary  user  classifi- 
cat ions : 

(1)  "IFR,"  which  is  defined  as  operation  under  Instru- 
ment Flight  Rules  (IFR)  under  either  Instrument 
Meteorological  Conditions  (IMC)  or  Visual  Meteor- 
ological Conditions  (VMC);  and 

(2)  "Radio-aided  VFR,"  which  is  defined  as  Visual  Flight 
Rules  (VFR)  operation  under  VMC  which  is  not  solely 
dependent  upon  pilotage. 

"Radio-aided  VFR"  is  defined  to  span  between  the  IFR  user, 
who  is  totally  dependent  upon  the  radio  navigation  system  in  VMC, 
and  the  VFR  user  who  can  navigate  purely  from  pilotage.  This 
classification  stems  from  those  user  groups  who  lack  adequate 
visual  references  for  solely  VFR  pilotage,  as  exhibited  by 
flights  over  homogeneous  terrain,  operations  over  water,  and 
night  VFR.  For  reference,  the  minimum  user  aircraft  navigation 
equipment  according  to  the  Federal  Aircraft  Regulations  (FAR)  is 
shown  in  Table  3.1. 

5.1  REQUIREMENTS  SUMMARY 

The  navigation  system  requirements  for  the  IFR  user  are 
summarized  in  Table  3.2  and  for  the  radio-aided  VFR  user  in  Table 
3.3.  The  tables  present  the  requirements  according  to  flight 
phase,  terrain  characteristics,  and  traffic  density.  Three 
flight  phases  are  considered:  (1)  enroute;  (2)  terminal  area, 
including  transition  from  enroute  to  the  capture  of  precision 
approach  aids  or  the  initiation  of  non -precis ion  approach  pro- 
cedures; and  (3)  non-precision  approach.*  The  enroute  flight 

* This  report  does  not  address  precision  approach,  the 
procedures  for  which  are  specified  in  [4]. 
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Table  3.1 

Minimum  User  Aircraft  Radio  and  Radio  Navigational  Equipment 
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Table 


Table  3.3 

Radio-Aided  VFR  Navigation  System  Requirements 
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phase  is  divided  into  non-mountainous  and  mountainous  regions,  and 
the  terminal  flight  phase  is  divided  into  high  density  and  low 
density  regions. 

The  navigation  system  requirements  are  presented  in  six 
requirement  categories.  These  categories  are  coverage,  accuracy, 
operational  considerations,  capacity,  compatibility  and  signal 
reliability.  The  categories  are,  in  several  instances,  broken 
down  into  subcategories.  Coverage  is  separated  into  vertical 
coverage  and  horizontal  coverage  for  three  regions:  CONUS,  Alaska, 
and  off-shore.  Eight  subcategories  exist  under  operational  con- 
siderations. These  are  flexibility,  position  presentation,  input 
format,  pilot  workload,  failure  alerts,  position  ambiguity 
resolution,  and  system  activation. 

Wherever  possible,  the  navigation  system  requirement  is 
quantified.  Where  quantification  is  impossible  a qualitative 
specification  is  made.  To  the  greatest  extent  practical,  require- 
ments specifications  are  based  on  published  information.  The 
detailed  assumptions  and  rationale  behind  these  specifications 
are  discussed  in  the  remaining  subsections  of  Section  III, 
according  to  the  requirement  categories  and  subsection  cross- 
reference  presented  in  Table  3.2. 

3.2  COVERAGE 

In  this  section,  the  coverage  requirement  is  specified  for 
the  three  regions  of  interest:  CONUS,  Alaska,  and  off-shore. 

The  coverage  in  each  region  is  subdivided  into  two  dimensions, 
vertical  and  horizontal.  Requirements  relating  to  each  dimension 
will  be  specified  independently.  The  vertical  dimension  does  not 
imply  a 3D  capability,  but  that  the  navigation  signals  must  be 
available  at  the  various  flight  levels  as  indicated  for  each 
flight  phase.  The  three  regions  are  discussed  individually  with 
reference  to  the  IFR  user  and  the  VFR  user,  as  appropriate. 
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3.2.1  CONUS  Coverage 


3. 2. 1.1  Vertical  Coverage.  For  the  enroute  flight  phase,  the 
IFR  and  VFR  navigation  coverage  requirement,  as  illustrated  in 
Figure  3.1,  includes  the  region  from  the  floor  of  controlled 
airspace  (2000  AGL)  to  FL600.  Vertical  coverage  in  both  high 
and  low  density  terminal  areas  includes  the  airspace  from  200  ACL 
to  14,500  MSL.  The  200  AGL  arises  from  the  lowest  minimum  ceiling 
achievable  for  Category  I precision  landing  aids.  Although  these 
landing  aids  are  usually  captured  at  higher  altitudes,  the  200  AGL 
lower  limit  provides  coverage  for  capture  at  any  altitude  at  or 
above  the  ceiling  minimum  and  for  missed  approach  guidance.  The 
upper  limit  of  14,500  MSL  corresponds  to  the  upper  boundary  of 
the  control  cones  which  underlie  the  continental  control  area. 
Terminal  areas  not  associated  with  control  zones  are  considered 
a part  of  the  enroute  requirement.  The  vertical  coverage  for 
non-precision  approaches  is  comparable  to  the  terminal  flight 
phase  coverage  requirements.  The  TERPS  [ 4 ] document  specifies 
the  lowest  minimum  descent  altitude  (MDA)  for  non-precision 
approach  procedures  as  250  feet  above  the  controlling  obstacle. 
Hence,  coverage  to  250  AGL  will  provide  the  coverage  necessary 
for  non-precision  approaches. 

It  should  be  noted  that  the  terminal  area  and  non-precision 
approach  vertical  requirements  relate  specifically  to  the  IFR 
user,  since  the  VFR  user  may  operate  only  when  visual  references 
are  available  during  these  flight  phases. 


3. 2. 1.2  Horizontal  Goverage.  The  IFR  and  VFR  horizontal  coverage 
requirement  for  the  enroute  flight  phase  is  highly  geographic- 
region-dependent.  For  the  non-mountainous  regions  the  horizontal 
coverage  is  specified  as  "total."  This  corresponds  to  the 
unshaded  region  of  Figure  3.2.  In  the  mountainous  regions, 
charts  displaying  areas  where  terrain  precludes  current  navigation 
support,  at  various  flight  altitudes,  indicate  the  horizontal 
enroute  coverage  requirement  [5  ].  Figure  3.3  indicates  an  example 
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DESIGNATED  MOUNTAINOUS  AREAS 


Figure  3.2  ('ONUS  Mountainous  and  Non -Mount  a i nous  Areas 


of  the  horizontal  coverage  gaps  at  FL180  for  YOR.  The  coverage 
gap  areas  and  the  number  of  gaps  increase  with  decreasing  alti- 
tude according  to  the  1 ine-of - s ight  restricted  slant  range. 

The  mountainous  coverage  requirement  is  also  time- varying, 
reflecting  projected  traffic  density  increases. 

The  terminal  horizontal  coverage  requirements  for  CONUS 
exist  only  for  the  IFR  user,  since  the  VFR  user  may  operate  only 
with  visual  references  in  this  flight  phase  and  during  approach. 
This  horizontal  coverage  includes  all  current  terminal  areas  being 
serviced  and  those  projected  to  be  serviced.  The  time-varying 
coverage  requirement  reflects  projected  increases  in  traffic 
densities  and,  hence,  the  requirement  for  additional  navigation 
support . 

The  IFR  horizontal  navigation  coverage  requirement  for  non- 
precision approaches  includes  service  at  airports  currently  with 
non-precision  approach  procedures  and  those  where  such  procedures 
are  projected  to  be  required  (that  is,  when  non-precision  approach 
criteria  are  met). 

3.2.2  Alaska  Coverage 

3. 2.2.1  Vertical  Coverage.  For  the  enroute  flight  phase,  the 
IFR  and  VFR  vertical  navigation  coverage  requirement  includes 
the  region  from  the  floor  of  controlled  airspace  1200  AGL  to  FLbOO . 
The  IFR  vertical  coverage  requirement  in  both  the  high  and  low 
density  terminal  areas  goes  from  200  AGL  to  14,500  MSL.  The  200 
AGL  requirement  provides  support  to  capture  precision  landing  aids 
and  to  execute  missed  approach  procedures.  There  is  no  require- 
ment to  provide  radio  navigation  support  for  VFR  operations  in 
the  terminal  area. 

The  vertical  coverage  for  non-precision  approaches  includes 
the  airspace  from  250  AGL  to  14,500  MSL.  The  250  AGL  meets  the 
TERPS  non-precision  approach  MDA.  The  non -precis ion  approach 
vertical  coverage  requirements  are  valid  for  IFR  users  only. 
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3. 2. 2. 2 Horizontal  Coverage.  The  enroute  IFR  and  VFR  horizontal 
coverage  requirements  are  shown  on  Figure  3.4.  The  navigation 
system  must  provide  the  necessary  radio  signals  along  each  of  the 
Victor  airways  shown  in  this  figure. 

The  terminal  and  non-precision  approach  coverage  requirements 
are  also  implied  in  Figure  3.4.  At  each  point  where  several  Victor 
airways  merge  or  a Victor  airway  ends,  a community  normally  exists 
that  has  a navigation  facility.  Currently,  at  each  of  these  communi- 
ties, the  airport  has  a non-precision  approach  procedure.  Therefore, 
the  candidate  systems  must  provide  terminal  and  non-precision  approach 
coverage  at  these  communities.  Depending  on  community  dependence, 
traffic  densities,  and  other  factors,  other  communities  will  become 
candidates  as  these  factors  change  with  time. 

3.2.3  Off-Shore  Coverage 

3. 2. 3.1  Vertical  Coverage.  The  vertical  coverage  requirement  for 
off-shore  includes  the  airspace  from  500  AGL  to  10,000  AGL  in  the 
enroute  region.  This  requirement  is  valid  for  the  IFR  and  VFR 
users  and  pertains  to  all  CONUS  off-shore  and  Alaska  off-shore 
regions.  The  500  AGL  arises  from  a 500-feet  obstacle  clearance 
requirement.  The  10,000  AGL  upper  bound  represents  an  accepted 
operational  ceiling  associated  with  helicopters. 

The  terminal  area  vertical  coverage  requirement,  for  IFR 
users  only,  extends  from  200  AGL  to  10,000  AGL.  The  200  AGL 
lower  limit  provides  coverage  to  capture  precision  landing  aids 
and  to  execute  missed  approach  procedures  landside.  The  terminal 
flight  phase  upper  limit  corresponds  to  the  off-shore  enroute 
phase  upper  limit. 

The  non-precision  approach  IFR  coverage  requirement  includes 
the  vertical  airspace  from  250  AGL  to  10,000  AGL.  This  provides 
the  coverage  to  meet  the  TERPS  [ 4 ] non-precision  approach  MDA 
both  landside  and  at  sea-based  sites.  The  10,000  AGL  corresponds 
to  the  off-shore  enroute  and  terminal  upper  limit  to  the  vertical 
coverage  requirement. 
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3. 2. 3. 2 Horizontal  Coverage.  The  IFR  and  VFR  enroute  horizontal 
coverage  requirements  extend  to  250  nmi  off-shore.  Figure  3.5 
shows  the  coverage  requirements  for  the  off-shore  oil  exploration 
operation.  The  remainder  of  CONUS  off-shore  and  Alaska  off-shore 
requires  navigation  signal  coverage  to  support  search  and  rescue 
operations.  The  terminal  and  non-precision  approach  IFR  horizontal 
coverage  requirements  must  be  adequate  to  provide  navigation  sup- 
port for  landside  operations  adjacent  to  these  specific  off-shore 
regions.  Coverage  must  also  be  available  for  operation  in  the 
vicinity  of  sea-based  landing  sites  for  which  non -prec is  ion  pro- 
cedures are  required. 

3.3  ACCURACY 

The  accuracy  requirement  is  related  to  the  route  width  associ- 
ated with  the  route  structure  in  the  National  Airspace  System.  The 
accuracy  requirement  is  specified  as  a route  width  tolerance  which 
must  be  achieved  a specified  percentage  of  the  time.  This  require- 
ment is  the  same  for  CONUS,  Alaska,  and  off-shore. 

For  both  the  mountainous  and  non-mountainous  enroute  flight 
regions,  the  route  width  is  considered  to  be  +_4  nmi  which  must  be 
maintained  at  a 951  level  [6-9  ].  In  the  high  density  terminal 
areas  the  accuracy  requirement  is  more  stringent.  It  is  considered 
to  be  +2  nmi  for  2D  or  3D  navigation  [6  , 8,10,11,12],  and  +.15 
nmi  for  4D  navigation  [15  ].  The  route  width  requirement  for  a 

low  density  terminal  area  is  +2  nmi  in  the  terminal  maneuvering 
area  (within  approximately  15  miles  of  the  airport)  and  +4  nmi 
beyond  15  miles  from  the  airport  [6,  8,10,  11,12].  These  accur- 
acies must  be  maintained  at  a 95%  level. 

The  non-precision  approach  accuracy  requirement  is  based  on 
the  TERPS  [ 4 ] document  which  specifies  airspace  allocations 

for  various  navigation  systems  on  final  approach.  Both  precision 
and  non-precision  approach  procedures  are  considered  in  the  TERPS. 
For  this  study  the  non-precision  approach  procedures  were  examined 
from  which  an  accuracy  value  of  ;+ 1 . 5 nmi  about  the  route  center- 
line  was  extracted.  This  is  based  on  factors  such  as  relative 
location  of  approach  aids  to  the  runway  and  typical  visibility 
minimums . 
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gure  3.5  Potential  Ol'f-Sliore  Helicopter  Operational  Areas 


3.4  OPERATIONAL  CONSIDERATIONS 


The  operational  considerations  for  CONUS,  off-shore  and  Alaska 
are  identical,  hence,  no  distinction  is  made  in  the  subsequent  dis- 
cussions with  regard  to  these  regions.  As  indicated  previously, 
the  operational  considerations  are  represented  by  eight  requirement 
categories.  These  categories  relate  to  the  navigation  system 
interface  with  the  other  ATC  components,  namely,  communications  and 
surveillance,  and  to  safety  factors.  The  VFR  requirements  are 
either  identical  to  or  less  stringent  than  the  IFR  requirement  in 
every  category.  Hence,  the  operational  requirements  are  discussed 
in  a generic  sense  for  both  the  user  classes. 

3.4.1  Flexibility 

This  operational  category  relates  to  the  ability  to  modify  the 
route  structure  at  will  and  certify  any  new  routes  resulting  from 
this  modification  in  minimum  time  and  cost.  This  implies  that  the 
route  structure  is  independent  of  the  navigation  aid  location; 
in  other  words,  waypoints  (fixes)  and  navigation  aid  locations  need 
not  be  coincident.  Flexibility  is  not  a hard  requirement.  How- 
ever, there  is  a significant  cost  impact  associated  with  this 
category  in  that  some  candidate  navigation  systems  will  be  able 
to  meet  the  desired  flexibility  with  little  or  no  additional 
costs,  whereas  others  cannot  provide  flexibility  except  at  a 
significant  cost  impact.  Therefore,  flexibility  is  retained  as 
a requirement  to  be  used  in  the  subsequent  navigation  systems 
evaluation  study.  This  type  of  flexibility  is  considered  to  be 
required  for  the  enroute,  terminal  and  approach  flight  phases. 

3.4.2  Position  Presentation 


Position  presentation  in  a format  compatible  with  ATC  pro- 
cedures and  charts  is  a requirement.  This  category  relates  to  the 
requirement  to  present  aircraft  position  in  a suitable  manner. 
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Given  a charted  route  structure  specified  by  a connected  series 
of  waypoints,  or  fixes,  the  aircraft  position  is  to  be  presented 
as  a deviation  off-course.  This  form  of  position  presentation  is 
valid  for  essentially  all  flight  phases  considered  in  this  study. 

The  only  exception  is  the  enroute  flight  phase  where  the  potential 
for  preplanned  direct  routing*  exists.  For  preplanned  direct 
only,  the  position  presentation  must  be  chart -plottable  and  ATC- 
compatible  (for  example,  range/bearing,  latitude/longitude,  or 
LOP).  For  flight  operations  above  FL240  and  for  all  FAR  121 
operators  [3],  distance  along  course  is  required. 

3.4.3  Common  Input  Format  [ 14  ] 

The  common  input  format  category  is  a navigational  air  traffic 
control  system  standardization  requirement,  in  that  the  avionics 
must  accept  course  alteration  inputs  in  a format  consistent  with 
pilot/controller  terminology.  Whereas  the  position  presentation 
category  was  display  of  aircraft  position  to  the  pilot,  this  cate- 
gory relates  to  pilot  interface  with  the  airborne  avionics.  The 
exact  nature  of  the  input  format  is  not  specified  in  this  report; 
however,  it  is  considered  that  this  format  should  be  consistent 
throughout  all  flight  phases.  Examples  of  input  format  are  latitude 
and  longitude,  or  range  and  bearing  to  a prespecified  waypoint 
f 14  ]. 

3.4.4  Pilot  Workload  [ IS  ] 

The  basis  for  this  requirement  is  that  the  avionics  must  be 
configured  so  that  all  course-keeping  and  course-alteration  activ- 
ities pursuant  to  nominal  flying  and  ATC  intervention  can  be 
effectively  accomplished.  In  the  enroute  region  the  pilot  tasks 
include  aircraft  monitoring,  communications,  and  navigation. 

Enroute  profiles  are  generally  sufficiently  straightforward  that 

* Preplanned  direct  routing  is  defined  as  the  capability  to 
file  a flight  plan  with  an  uncharted  route  between  charted 
or  uncharted  waypoints  and  to  navigate  along  this  route. 


the  communication  and  navigation  workloads  are  minimal.  The  pilot 
workload  requirement,  therefore,  is  specified  as  being  equivalent 
to  the  workload  associated  with  a single  waypoint  VORTAil- based  RXAV 
system. * 

The  terminal  area  route  structure  and  non-precision  approach 
procedures  are  more  complex  than  the  enroute  route  structure  and 
procedures.  Also,  the  aircraft  monitoring  task  increases  as  well 
as  the  communications  task.  Therefore,  it  is  necessary  that  the 
navigation  workload  not  be  so  significant  as  to  he  the  predominant 
workload  factor  in  the  cockpit.  Hence,  the  pilot  workload 
specification  for  the  terminal  region  and  non-precision  approaches 
is  specified  as  being  less  than  or  equal  to  the  dual  waypoint  VORTAC 
based  RNAV  system.* 

3.4.5  Failure  Alerts 


Failure  alert  is  a safety-related  requirement.  To  meet  this 
requirement  the  avionics  must  provide  failure  alert**  in  the  event 
of  signal  interruption  and  avionics  failure.  This  is  to  account 
for  such  factors  as  signal  propagation  anomalies,  station  outages, 
and  avionics  failures.  The  failure  alert  must  be  available  in 
all  regions  so  that  the  pilot  is  aware  of  a navigation  system 
failure  regardless  of  where  his  operations  are. 

3.4.6  Position  Ambiguity  Resolution 

Position  ambiguity  implies  that  a particular  navigation  system 
may  give  an  indication  of  the  aircraft  position  which  is  not  correct 
An  example  of  position  ambiguity  is  the  potential  lane  slippage 
characteristic  of  the  phase - measur ing  systems  or  distortion  caused 

■*  The  VOflTAC  system  is  used  a?  a basis  for  this  requirement  since 
measures  of  pilot  workload  for  other  systems  are  not  available 
at  this  time. 

**  This  is  similar  to  a VOR  flag  for  the  current  navigation  system. 


by  multipath  effects.  Because  of  terrain  effects  in  the  mountaincu 
enroute,  and  terrain  and  traffic  effects  in  the  terminal  areas, 
such  position  ambiguity  must  be  precluded  via  system  design.  Simi- 
larly, because  of  the  nature  of  the  flight  operations  during  non- 
precision approaches,  these  ambiguities  again  must  be  precluded 
via  system  design.  In  the  non-mountainous  enroute  region  where 
terrain  effects  are  minimal  and  traffic  density  levels  are  lower, 
position  ambiguity  resolution  is  less  critical.  ICAO  is  promul- 
gating a Minimum  Navigation  Performance  Specification  (MNPS) 
which  contains  accuracy  requirements  which  will  require  compliance 
by  all  operators  in  a designated  portion  of  the  North  Atlantic  Air- 
space referred  to  as  the  MNPS  airspace.  With  regard  to  position 
resolution  ambiguity, 

"...  it  should  also  be  noted  that  navigation  system 
performance  in  the  MNPS  airspace  will  be  monitored, 
especially  with  regard  to  large  deviations.  Under 
this  monitoring,  operators  using  navigation  systems 
which  permit  deviations  of  30  nm  or  more  for  a total 
of  1 hour  in  each  2,000  flight  hours,  or  deviations 
of  between  50  nm  and  70  nm  (approximately  along  the 
adjoining  track  in  60  nm  separation)  for  a total  of 
1 hour  in  each  8,000  flight  hours  in  the  system,  will 
be  required  to  take  corrective  action  or  be  excluded 
from  the  airspace."  * 

Although  the  MNPS  airspace  requirements  relate  to  the  parallel 
tracks  characteristic  of  the  North  Atlantic,  it  represents  an 
upper  bound  for  the  non-mountainous  enroute  region.  Because 
of  higher  traffic  densities  and  non-parallel  tracks,  the  require- 
ments will  be  more  stringent.  However,  a similar  analysis  will 
be  required  to  evaluate  position  resolution  ambiguity  require- 
ments for  the  non-mountainous  enroute  regions  in  CONUS,  Alaska, 
and  Offshore. 

3.4.7  System  Activation  and  Position  Fix  Update  Rate 

The  system  activation  requirement  refers  to  the  time  necessary 

* 

Quoted  from  AC  120-31,  "Operational  and  Airworthiness  Approval 
of  Airborne  Omega  Radio  Navigation  Systems  as  a Means  of  Up- 
dating Self-Contained  Navigation  Systems,"  dated  12/15/76. 
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to  activate  the  navigation  system  from  an  inactive  state  or  to  re- 
acquire the  system  following  an  interruption.  Activation 
encompasses  all  functions  necessary  to  establish  navigation  esti- 
mates which  conform  to  all  the  requirements  specified  in  Section 
III;  these  functions  include  signal  acquisition,  signal  lock-on, 
and  system  stabilization. 

The  quantification  of  the  system  activation  time  constraint 
must  consider  the  maximum  period  of  time  loss  of  navigation  in- 
formation that  can  be  tolerated  without  seriously  impacting  safety. 
For  this  analysis,  it  is  assumed  no  other  navigation  information 
is  available.  This  acceptable  period  varies  according  to  flight 
phase,  terrain,  and  traffic  density,  as  indicated  in  Table  3.4 
and  discussed  below. 

The  system  activation  time  constraints  were  determined  in  the 
following  manner.  Consider  the  situation  when  the  flight  path  re- 
quires a heading  change  and  the  navigation  signal  is  lost  prior  to 
co  "cncing  the  turn.  It  is  now  assumed  that  the  aircraft  continues 
to  clv  straight  due  to  the  loss  in  navigation  support.  The  time 
that  it  takes  to  violate  the  accuracy  requirement  is  then  con- 
sidered as  the  system  activation  time.  In  other  words,  a navigation 
signal  must  be  available  prior  to  violating  the  route  width. 

Consider,  as  an  example,  the  enroute  non-mountainous  region. 

It  is  assumed  that  route  bends  will  never  consist  of  heading 
changes  in  excess  of  45°.  Hence,  an  aircraft  travelling  at  500 
knots  will  penetrate  the  route  width  boundary  in  0.7  mins.  This 
computation  is  shown  schematically  in  Figure  3.6.  In  the  non- 
mountainous  enroute  region,  the  traffic  density  is  deemed  suffi- 
ciently low  to  accommodate  a system  activation  time  range  of 
0.6  to  1 min.  In  the  mountainous  enroute,  since  terrain  poses 
a constraint,  the  activation  range  is  limited  to  0.3  to  0.5  mins. 

In  the  terminal  area,  course  changes  can  typically  be  90°.  Air- 
craft speeds  are  also  reduced  in  the  terminal  area.  A typical 
speed  of  250  knots  was  assumed  in  the  computations.  The 
resulting  activation  times  turn  out  to  be  0.5  to  1 min  for  the 
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Table  3.4 

IFR  Navigation  Requirements 
Tine  to  Rc-Acquir; 


FLIGHT  PHASE 

REGION 

TIME 

ENROUTE 

NON- 

M0UNTAIN0US 

1-2  MIN 

MOUNTAINOUS 

0.5-1  MIN 

TERMINAL 

LOW 

DENSITY 

0.5-1  MIN 

AREA 

HIGH 

DENSITY 

0.25-0.5  MIN 

NON -PRECIS  ION 
APPROACH 


0.25  MIN 


low  density  region  (+_4  nmi  accuracy  requirement)  and  an  activation 
time  range  of  0.25  to  0.5  min  for  the  high  density  range  (+2  nmi 
accuracy  requirement). 

Considerat ion  was  given  to  interpret  the  activation  times 
into  a drift  error  for  straight  and  level  flight.  This  was  accomp- 
lished by  computing  an  average  heading  rate  error  representing  a 
drift  from  the  desired  flight  path  to  the  accuracy  requirement 
limit.  The  heading  rate  error  thus  determined  is  on  the  order 
of  25  deg/min  for  the  upper  reacquisition  time,  for  example,  1 
min,  to  50  deg/min  for  the  lower  reacquisition  time,  for  example, 

0.5  min.  Assuming  that  the  drift  is  in  essence  a coordinated 
turn  this  heading  rate  error  is  achieved  with  a bank  angle  of 
10°  to  20°  which  is  an  easily  achieved  bank  angle  in  the  absence 
of  navigation  signals. 

The  preflight  activation  time  requirement  is  limited  to  a 
warmup  time  while  other  preflight  operations  are  being  conducted. 
This  provides  the  pilot  with  useful  navigation  information  at  the 
conclusion  of  these  operations. 

Finally,  the  system  activation  times  for  non-precision  approach 
translate  into  a flight  path  length  of  from  0.25  nmi  to  0.5  nmi 
for  typical  approach  speeds.  Signal  losses  over  a greater  length 
of  time  are  deemed  intolerable. 

The  reacquisition  times  specified  in  Table  5.4  represent  an 
upper  bound  for  the  time  interval  between  position  fix  updates 
since  external  navigation  information  is  not  available  or  used 
during  this  interval.  For  radio  navigation  systems  where  in- 
formation is  available  only  periodically,  the  lack  of  signals 
during  specific  intervals  is  anticipated.  In  contrast,  the  re- 
acquisition time  discussed  above  relates  to  unanticipated  signal 
losses.  Therefore,  for  almost  all  updated  navigation  systems, 
dead  reckoning  capability  is  provided  between  the  updates.  Hence, 
navigation  information  is  available  externally,  at  the  updates, 


28 


* 

from  the  radio  navigation  aids,  and  internally,  between  the  up- 
dates, from  the  dead  reckoning  system.  For  updated  navigation 
systems  without  dead  reckoning  capability,  the  update  interval 
cannot  exceed  the  reacquisition  times  specified  in  Table  5.4. 

Hybrid  navigation  systems  with  updated  dead  reckoning  equipment 
must  meet  the  accuracy  requirements.  Therefore,  the  position 
fix  update  interval  must  be  such  that  the  dead  reckoning  equip- 
ment will  not  cause  the  aircraft  position  to  exceed  these 
accuracies . 

3.5  CAPACITY 

The  navigation  system  capacity  requirement  relates  to  the 
ability  of  a particular  navigation  system  to  support  all  aircraft 
accessing  that  system.  The  capacity  requirement  is  specified  as 
being  unlimited.  This  implies  that  any  navigation  system  be  able 
to  accommodate  all  aircraft  accessing  it  at  ail  times. 

3.6  COMPATIBILITY 

Two  areas  of  concern  exist  for  the  compatibility  requirement. 
These  are  compatibility  between  phases  of  flight  and  compatibility 
with  aircraft  systems.  Simply  stated,  this  requirement  is  that  the 
navigation  system  must  facilitate  safe  and  smooth  transition  be- 
tween all  phases  of  flight.  The  flight  phases  include  takeoff, 
enroute,  terminal,  approach  and  landing.  Furthermore,  the  avionics 
must  be  aircraft-compatible  in  terms  of  electrical,  physical  and 
RFI  (radio- frequency  interference)  constraints.  Systems  imple- 
mented in  Alaska  and  off-shore  should  maintain  compatibility  with 
the  CONUS  system  with  regard  to  position  presentation  and  input 
format . 
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3.7  RELIABILITY 


The  most  important  aspect  of  navigation  system  reliability 
is  that  the  system  be  fail-soft.  This  means  that  any  failure  of 
one  part  of  the  total  system  will  not  result  in  the  complete  loss 
of  navigation  capability.  This  characteristic  can  be  achieved  by 
redundancy  and  by  system  design  applied  to  both  the  signal  source 
system  and  the  avionics  system.  The  resulting  reduced  navigation 
capability  after  a single  failure  should  be  adequate  to  permit 
either  a safe  return  to  the  flight  origin  or  continuation  to  the 
desired  destination  (or  to  a selected  alternate). 

The  issue  of  radio  navigation  system  signal  reliability 
requirements  is  extremely  complex.  The  effort  required  to 
quantify  the  requirement  is  clearly  beyond  the  scope  of  this 
study.  At  the  heart  of  the  issue  is  traffic  separation  (safety) 
and  airspace  utilization,  and  the  extent  to  which  the  radio  navi- 
gation system  contributes  to  these  factors.  The  issue  must  be 
considered  within  the  proper  context  of  the  air  traffic  control  (ATC) 
system.  Each  of  the  three  elements  of  the  air  traffic  control  sys- 
tem (navigation,  surveillance,  and  communications)  bear  on  the 
degree  of  safety  provided.  In  addition,  they  do  so  in  an  inter- 
active manner  which  varies  from  situation  to  situation.  Radio 
navigation  system  failures  have  been  experienced  during  which 
adequate  support  of  safety  of  flight  was  provided  by  surveillance 
and  communications.  The  immediate  effects  evident  in  the  event 
of  a primary  radio  NAVAID  failure  are  traffic  delays  and  in- 
creased workload  on  the  part  of  the  air  traffic  controllers  and 
the  cockpit  crews.  The  traffic  delays  can  cause  congestion  which 
impacts  safety  and  the  increased  workload  raises  the  probability 
of  error  which  also  impacts  safety.  Critical  parameters  which 
must  be  investigated  in  order  to  evaluate  the  severity  of  the 
problem  caused  by  a radio  NAVAID  failure  are: 
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• duration  of  the  failure 

• the  number  of  aircraft  per  sector  affected  (not  the 
total  number  of  aircraft  in  the  coverage  volume) 

• weather 

• terrain 

The  accepted  procedure  followed  during  a radio  N’AVAID  failure 
is  for  the  air  traffic  controllers  to  assume  the  navigation  func- 
tion through  the  use  of  surveillance  and  communications.  There 
are,  however,  some  regions  within  the  areas  under  consideration 
by  this  study  that  are  not  supported  by  either  surveillance  or 
communications.  The  most  severe  of  these  are  those  offshore 
regions  which  are  beyond  the  range  of  the  ATC  surveillance  and 
communications  systems.  Even  here,  a worst  case  approach  to 
establishing  the  radio  navigation  system  reliability  is  not 
straightforward.  In  the  event  the  radio  navigation  system  is 
the  primary  system,  backup  systems  are  available.  In  the 
simplest  case,  the  aircraft  will  have  as  a backup  an  airspeed 
indicator  and  a compass  or  directional  gyro  for  dead  reckoning 
navigation.  In  addition,  within  these  regions,  communications 
may  be  available  over  a private  communications  network  such  as 
those  established  by  the  offshore  oil  exploration  flight  oper- 
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LORAN-C  SYSTEM  EVALUATION 
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This  section  presents  an  evaluation  of  the  Loran-C  navigation 
system  as  it  relates  to  the  requirements  specified  in  Section  III. 

The  section  begins  with  a general  description  of  the  system, 
including  a discussion  of  Loran-C  signal  propagation  and  avionics 
characteristics.  Next  the  Loran-C  system  performance  character- 
istics are  presented  as  they  relate  to  the  following  requirements: 
coverage,  accuracy,  operational  considerations,  capacity,  compati- 
bility, and  re  1 iab i 1 i ty/ redundancy . The  section  concludes  with  a 
discussion  of  the  capability  of  Loran-C  to  serve  as  a primary 
navigation  system  and  factors  for  its  implementation. 

4.1  LORAN-C  NAVIGATION  SYSTEM  DESCRIPTION 

The  Loran-C  navigation  system  has  been  in  existence  since  the  early 
1950' s.  Until  very  recently  the  operation  of  the  transmitters  and 
the  development  and  use  of  Loran-C  avionics  has  been  driven  by 
military  requirements.  Its  primary  user  has  been  the  United 
States  Department  of  Defense  and  the  agency  responsible  for  the 
transmitter  operation  has  been  the  United  States  Coast  Guard.  As  a 
military  navigation  system,  its  availability  to  civil  aviation  was 
limited  primarily  to  a few  flight  tests  or  as  an  add-on  feature  to 
some  Loran-A  receivers  which  were  used  for  position  updates  on 
transoceanic  flights  using  doppler  navigators.  Because  Loran-C 
was  of  limited  use  to  aircraft  users  due  to  its  regulatory  restric- 
tions and  its  limited  geographical  coverage,  it  was  never  seriously 
considered  as  a civil  aeronautical  navigation  system. 

The  visibility  of  the  Loran-C  system  in  the  United  States 
took  a dramatic  change  in  May  of  1974  particularly  in  regard  to 
non-military  users,  when  the  United  States  Department  of  Transport- 
ation announced  that  this  system  would  be  adopted  as  the  precision 
navigation  system  in  the  Coastal  Confluence  Zone  and  could  be  used 
for  navigation  purposes  by  any  interested  party:  domestic,  foreign, 
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government,  commercial  or  public.  In  order  to  achieve  full  oper- 
ational status  in  the  coastal  areas  of  the  country,  the  Coast 
Guard  has  prepared  plans  for,  and  obtained  budgetary  approval  for, 
six  new  or  reconfigured  Loran-C  chains  for  these  areas. 

The  following  paragraphs  discuss  in  some  detail  the  character- 
istics and  properties  of  the  Loran-C  system  which  make  it  capable 
of  being  used  in  the  civil  aviation  environment.  In  addition, 
significant  operational  and  technical  problem  areas  associated 
with  Loran-C  navigation  are  considered.  A more  complete  character- 
ization of  Loran-C  transmission  is  presented  in  Reference  1 . Those 
items  that  are  basic  to  the  operation  of  the  system  by  the  aviation 
community  are  discussed  in  the  following  sections. 

4.1.1  Loran-C  Geometry 


Loran-C  is  a navigation  system  which  makes  use  of  synchronized 
low  frequency  (LF)  radio  transmissions.  The  user's  receiver  system 
measures  the  difference  in  the  time -of -arrival  of  the  signals 
from  two  pairs  of  transmitters.  Because  Loran-C  makes  use  of  the 
time-difference  or  distance - di ffcrence  principle,  it  is  often  called 
a hyperbolic  navigation  system.  The  two  t ime - di f f erence  measure- 
ments form  two  hyperbolas  or  lines  of  position  (LOPs).  The  inter- 
section of  two  LOPs  identifies  the  user's  position.  A dia- 

gram of  the  Loran-C  position  fix  geometry  is  shown  in  Figure  4.1. 

A set  of  Loran-C  transmitters  with  similar  signal  character- 
istics is  called  a chain.  Each  chain  is  composed  of  from  three  to 
six  transmitting  stations.  One  transmitter  is  designated  the  master 
station  and  the  remaining  stations  are  called  secondary  stations. 

In  most  Loran-C  applications  the  time  of  the  master  transmission  is 
used  as  a reference  time.  All  time  differences  are  measured  relative 
to  the  time  of  the  master  transmission.  In  most  chain  configurations 
the  secondary  stations  are  located  approximately  400  to  700  nm  from 
the  master  station.  Figure  4.2  shows  a typical  chain  configuration. 
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Figure  4.1  Loran-C  Position  Fix  Geometry 
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Figure  4.2  Typical  Loran-C  Chain  Configuration 
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The  geodesic*,  that  connects  the  master  and  each  secondary  station 
is  called  the  baseline. 


4.1.2  Loran-C  Signal  Characteristics 


The  Loran-C  signal  has  been  designed  to  overcome  some  of  the 
inherent  difficulties  associated  with  radio  navigation  systems. 
The  signal  has  two  essential  components  upon  which  navigation 
measurements  are  made.  These  components  are  the  pulse  and  the 
phase  of  the  LF  radio  signal.  The  pulse  portion  of  the  signal  is 
of  the  mathematical  form:  . 


P(t)  = tV^t/65>2 

where  t is  measured  in  microseconds.  This  pulse  modulates  the 
100  kHz  carrier.  The  shape  of  the  pulse  is  carefully  controlled 
at  the  transmitter  in  order  to  keep  the  radiated  energy  in  the 
bandwidth  between  90  and  110  kHz,  which  is  the  frequency  band 
assigned  to  Loran-C.  The  use  of  the  pulse  signal  in  the  receiver 
provides  unambiguous  time-difference  information  over  the  full 
coverage  area  of  the  Loran-C  chain.  A diagram  of  the  Loran-C 
pulse  is  shown  in  Figure  4.3. 


Figure  4.3  Loran-C  Pulse 


*I.e.,  the  shortest  line  on  the  Earth's  surface  between  two  points. 
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In  order  to  obtain  a greater  degree  of  accuracy  than  can  be 
obtained  from  measuring  the  leading  edge  or  some  composite  zero 
crossing  of  the  pulse,  a measurement  is  made  on  the  phase  of  the 
100  kHz  carrier  signal.  In  order  to  select  the  proper  cycle  upon 

which  to  measure  the  phase,  the  pulse  measurement  must  be  accurate 
to  within  one  half  a cycle,  or  +_5  us.  Most  automatic  Loran-C 
receivers  make  use  of  the  zero  crossing  of  the  third  cycle  on  which 
to  make  the  phase  measurement.  This  zero  crossing  occurs  at  a 
point  30  ys  after  the  beginning  of  the  pulse.  The  selection  of 
the  30  ys  phase  sampling  point  was  based  upon  a trade  off  between 
signal  power,  which  reaches  a peak  65  ys  after  the  beginning 
of  the  pulse,  and  skywave  contamination.  At  100  kHz  the  Loran-C 
signals  are  reflected  from  the  D layer  of  the  ionosphere  which  is 
approximately  70  to  90  km  in  height.  The  signal  that  is  seen  by 
the  receiver  is  a combination  of  the  groundwave  and  skywave 
signals.  In  reflecting  from  the  ionosphere,  the  skvwave  signal 
travels  a greater  distance  and  takes  longer  to  arrive  at  the 
receiver  than  the  groundwave  signal.  Figure  4.4  shows  the  amount 
of  time  that  the  skywave  is  typically  delayed  relative  to  the 
groundwave  signal.  It  can  be  seen  that  for  ranges  greater  than 
800  nm,  the  skywave  can  begin  to  contaminate  the  groundwave  at 
a point  40  ys  beyond  the  beginning  of  the  pulse.  Consequently, 
measurements  made  on  the  phase  of  the  signal  prior  to  40  ys  are 
unaffected  by  skywave.  The  selection  of  the  30  us  sampling 
point,  then,  provides  some  margin  of  protection  against  skywave 
contamination.  The  Loran-C  signal  format,  which  is  pictured  in 
Figure  4.5,  consists  of  the  followin'.:  events: 
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(1)  The  master  station  transmits  eight  pulses  spaced  1000  ys 
apart  and  a ninth  pulse  2000  us  after  the  eighth  pulse. 

(2)  The  first  secondary  station  transmits  eight  pulses  spaced 
1000  us  apart.  The  first  pulse  of  the  secondary  station 
is  delayed  by  a specified  amount  of  time  called  the 
coding  delay  (TDA)  from  the  master's  first  pulse. 

(3)  The  next  secondary  station  transmits  a pulse  group 
identical  to  the  first  secondary  station  but  with  a 
greater  coding  delay  (TDB) . 

(4)  Each  remaining  secondary  transmits  identical  pulse  groups 
but  with  their  own  unique  coding  delay.  Tn  most  chains 
the  secondaries  transmit  in  alphabetical  order.  The 
coding  delay  for  each  station  is  selected  such  that  no 
two  Loran-C  groundwave  pulses  from  any  stations  in  the 
chain  overlap  in  time  in  any  part  of  the  coverage  area. 

(5)  After  all  of  the  secondaries  have  transmitted  their  pulses, 
the  process  is  repeated  beginning  with  the  master  trans- 
missions. The  repetition  period  is  called  the  group 
repetition  interval  (GRI) . The  GRI  of  each  chain  is  unique 
and  provides  a means  of  discriminating  between  chains. 

The  GRI  may  range  from  40,000  to  99,990  us  in  10  us 
increments.  The  GRI  value  of  the  chain  divided  by  10  is 
called  the  rate  of  the  chain.  Permissible  chain  rates 
thus  vary  from  4000  to  9999. 

The  phase  of  the  100  kHz  carrier  may  be  shifted  by  0 or  _ 
ra.ians.  A zero  radian  shift  is  denoted  by  a (+)  sign  and  a " 
radian  shift  is  denoted  by  a (-)  sign.  The  phase  code  of  the 
master  differs  from  that  of  the  secondary  stations,  and  the  phase 
code  of  adjacent  GRIs  are  different.  The  two  phase  codes  of  the 
GRIs  are  called  A and  B.  The  nominal  Loran-C  phase  codes  are  shown 
in  Table  4.1. 


T ab 1 e 4.1 

Loran-C  Phase  Codes 


Station 

GRI 

Master 

Secondary 

A 

B 

+ + _.  + _ + _ + 

+ ..  + + + + + - 

+ + + + + --  + 

+ - + -+  + -- 

- i i -■  

In  order  to  achieve  continuous  geographical  coverage  of 
Loran-C  over  large  areas,  it  is  often  neces<arv  to  use  two  or  more 
chains.  In  order  to  reduce  the  number  of  transmitter  stations 
required,  a station  is  often  made  a part  of  an  adjacent  chain. 

When  this  occurs  the  station  is  said  to  be  doubl e- rat ed . Both 
masters  and  secondaries  may  be  double  rated;  i.e.,  a transmitter 
may  be  a master  for  one  chain  and  a secondary  in  the  other  chain 
or  it  may  be  a secondary  for  both  chains.  During  the  period  of 
time  in  which  the  double-rated  transmitter  would  be  required  to 
transmit  for  both  chains,  the  pulses  from  one  chain  are  suppressed. 
This  procedure  is  called  blanking.  Blanking  is  determined  on  a 
priority  basis  according  to  the  following  criteria: 

• A master  is  never  blanked 

• If  operational  considerations  dictate  that  the  signals 
from  one  chain  are  more  significant  than  from  the 
second  chain,  then  the  pulses  from  the  less  significant 
chain  are  blanked.  This  situation  could  arise  in  the 
case  of  one  chain  being  used  for  primary  coverage  and 
the  second  chain  being  used  for  redundant  coverage. 

• If  both  chains  are  equally  significant  the  chain  with 
the  lower  GRI  is  blanked. 

All  transmitters  in  the  Loran-C  chain  are  equipped  with  cesium 
frequency  standards.  This  standard  is  used  to  control  the  time  of 
transmission  of  that  transmitter.  In  addition,  pulse  shape  is  con- 
trolled by  the  transmitter  station.  The  phase  of  the  secondary  is 
controlled  by  monitor  receivers  at  a remote  site  in  the  service 
area.  This  site  is  called  a Service  Area  Monitor  (SAM).  One  SAM 
site  may  control  the  phase  of  one  or  more  secondary  transmitters. 

The  SAM  site  in  some  chains  is  located  near  the  master  station. 

The  SAM  receives  and  measures  t.._  time  difference  between  the  master 
and  the  appropriate  secondary  transmission.  This  received  time 
difference  is  compared  to  a control  time  difference  value  which 
has  been  determined  through  calibration  procedures.  Changes  in 
observed  time  difference  values  may  be  caused  by  oscillator  drift 
and  weather  phenomena. 
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4.1.3  Avionic  Characteristics 


The  description  of  the  Loran-C  airborne  system  in  the  following 
paragraphs  is  that  of  a basic  RNAV  system  with  the  capability  to 
meet  AC90-45A  requirements,  plus  the  added  parallel  offset  capa- 
bility that  has  been  shown  to  be  useful  in  both  enroute  and 
terminal  area  operations  [ 18,  19  ].  In  addition,  the  system 

description  includes  the  Loran-C  receiver  control  and  computation 
capabilities . 

4. 1.3.1  Antenna  System.  The  antenna  systems  used  with  Loran-C 
systems  range  from  the  conventional  ADF-sense  antennas  to 
complex,  three-axis,  crossed-loop  antennas  used  on  military 
fighters.  The  type  most  useful  to  civil  users  are  the  sense 
antennas,  due  to  their  lower  cost  and  independence  from  external 
heading  system  inputs.  At  LF  frequencies,  sense  antennas  are 
susceptible  to  precipitation  static  problems  when  the  aircraft 
encounters  clouds,  precipitation  or  dust,  and  the  electrical  dis- 
charges can  create  noise  which  in  turn  can  reduce  the  signal-to- 
noise  ratio  to  less  than  acceptable  values  for  reliable  navigation. 
This  situation  is  more  severe  at  high  aircraft  speeds.  The  electrical 
charges  can  be  discharged  through  the  use  of  static  dischargers 
on  the  trailing  surfaces  of  the  aircraft.  The  precipitation  static 
problem  can  be  significant  in  lower  cost  installations  especially 
in  medium  and  high  performance  aircraft. 

The  Loran-C  signal  level  can  he  as  low  as  a few  microvolts 
in  some  signal  areas.  In  order  to  avoid  contaminating  this  low 
signal  with  electrical  noise  from  other  aircraft  systems,  an 
antenna  coupler  (preamplifier)  is  used  at  or  close  to  the  antenna 
location.  Any  significant  separation  of  the  antenna  and  coupler 
presents  an  opportunity  for  interference  to  enter  the  navigation 
signal . 


4. 1.3. 2 Loran-C  Receiver.  The  front  end  of  the  Loran-C  receiver 
spans  the  90-110  kHz  bandwidth  required  to  receive  the  Loran-C 
pulse  with  a minimum  of  distortion.  The  frequency  response  falls 
off  sharply  on  lower  and  higher  frequencies  to  reject  out  of  band 
interference.  Tunable  notch  filters  are  used  in  the  front  end 
design  to  reject  any  near-band  or  in-band  CW  interference.  The 
notch  peaks  are  very  sharp  to  avoid  significant  distortion  of 
the  Loran-C  pulse.  It  is  desirable,  from  a pilot  workload  stand- 
point, to  have  the  notch  filters  be  automatically  tuned  to  reject 
any  strong  interference  signal. 

The  receiver  must  be  capable  of  acquiring  and  tracking  the 
third  cycle  zero-crossing  of  the  master  and  two  selected  secondary 
stations.  Additional  stations  in  the  same  chain  (same  GRI)  may  be 
tracked  if  greater  capability  is  desired.  After  the  received 
pulses  have  been  identified  as  to  the  station  from  which  they 
were  transmitted,  the  receiver  may  operate  in  a master- independent 
mode,  which  provides  greater  flexibility  in  station  selection  and 
may  increase  the  coverage  area. 

All  receivers  must  check  for  skywave  interference.  This  may 
be  done  by  sampling  prior  to  the  nominal  reception  time  of  the  pulse 
and  testing  for  the  presence  of  a signal.  If  a signal  is  present, 
then  skywave  rather  than  groundw'ave  has  been  acquired  and  the 
sampling  time  should  be  moved  ahead  to  the  groundwave  pulse. 

The  dynamic  range  of  the  receiver  should  be  sufficient  to 
receive  both  nearby  stations  and  distant  stations.  For  example, 
a 4 MW  transmitter  will  produce  a signal  strength  of  approximately 
1 v/m  at  a distance  of  10  nm  from  the  station,  while  the  same 
receiver  may  be  required  to  receive  a signal  of  50  pv/meter  or 
less  in  northern  Alaska  where  the  atmospheric  noise  is  quite  low. 
Consequently,  a dynamic  range  of  about  100  db  is  necessary. 

One  final  requirement  for  the  receiver  part  of  the  Loran-C 
navigation  set  is  the  ability  to  track  high  performance  aircraft 
around  turns,  holding  patterns,  and  other  typical  civilian  type 
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maneuvers  without  loss  of  tracking  on  the  cvclo  measurement.  In 
order  to  get  accurate  t ime- di f f erence  measurements,  manufacturers 
often  heavily  filter  the  cycle  matching  process  with  a phase- lockei 
loop.  Sudden  changes  in  time-difference  rates  can  cause  the  loop 
to  lose  lock  and  perhaps  reacquire  the  wrong  cycle,  and  thus  pre- 
sent an  incorrect  time-difference  value.  Velocity  aiding  from 
the  wideband  envelope  tracking  loop  or  from  an  external  source  such 
as  air  data  or  INS  can  assist  the  cycle  tracking  loop  and  prevent 
this  phenomenon  from  occurring.  Thus  the  receiver  is  capable  of 
tracking  the  Loran-C  cycle  through  all  speeds  and  maneuvers  that 
the  aircraft  may  encounter  in  normal  ATC  type  operations. 

4.1. 3.5  Loran-C  Coordinate  Converter.  The  Loran-C  coordinate 
converter  changes  the  time-difference  information  into  useful  navi- 
gation information.  A necessary  requirement  for  conversion  of  time- 
difference  information  is  the  storage  of  chain  constants.  These 
values  include  station  locations,  coding  delay,  baseline  lengths 
and  phase-code  data  for  each  station  in  the  chain.  In  order  to 
be  useful  over  the  entire  CONUS  the  converter  should  be  capable  of 
storing  data  from  at  least  six  chains.  If  the  set  is  to  be  used 
in  Alaska  as  well,  it  may  be  necessary  to  add  data  for  two  additional 
chains.  The  chain  constants  may  change  from  time  to  time  for 
operational  reasons  or  as  new  chains  or  stations  are  added.  Thus 
it  is  necessary  that  the  chain  constants  be  modifiable  either 
mechanically  or  electrically. 

The  coordinate  converter  must  be  able  to  accept  and  store  at 
least  two  RNAV  waypoints.  Additional  waypoint  storage  capability 
is  a desirable  system  characteristic.  The  coordinate  system  in 
which  the  waypoint  is  entered  into  the  computer  can  be  in  latitude/ 
longitude  or  in  time-difference  values.  Each  coordinate  system 
has  advantages  and  disadvantages.  The  advantage  of  the  latitude/ 
longitude  system  is  its  compatibility  with  existing  charting, 
its  familiarity  to  large  segments  of  the  pilot  population,  and  its 
independence  from  specific  station  selection.  The  disadvantage 
of  this  sytem  is  in  additional  computer  complexity.  The  need  for 
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additional  computer  complexity  comes  from  the  requirement  to 
accurately  model  the  phase  propagation  characteristics  of  the 
Loran-C  signal.  Inaccuracies  in  the  modelin:  process  will  cause 
grid  bias  and  grid  warpage  tvpe  errors  in  the  v. appoints.  These 
errors  may  amount  to  several  hundred  feet  in  some  parts  of  the 
coverage  area.  These  errors  may  he  minimised  to  some  extent 
by  careful  selection  of  speed- of - light  values  and  phase  retarda- 
tion curves  in  the  computer.  The  use  of  t ime- di f ference  or 
coded  time-difference  coordinates  can  all  but  eliminate  grid 
warpage  and  grid  bias  errors.  The  computed  time-difference  values 
in  this  instance  refer  to  values  computed  using  complex  models 
of  the  actual  propagation  paths  including  conductivity  and 
terrain  variations  along  the  path.  The  disadvantage  of  using 
the  t ime - di f ference  coordinates  is  their  lack  of  familiarity 
to  pilots  and  the  additional  cost  of  measuring  or  computing  the 
time-difference  coordinate  values  at  each  charted  waypoint.  An 
additional  disadvantage  is  the  dependence  upon  the  use  of  specific 
stations.  The  t ime - di f fe rence  input  must  identify  the  specific 
station  pair  corresponding  to  a particular  time-difference  value. 

If  these  stations  are  unavailable  for  any  reason  and  other  station 
combinations  are  used  during  the  flight,  the  grid  bias  and  grid 
warpage  factors  will  not  be  properly  corrected  and  the  system 
accuracy  will  degrade. 

The  coordinate  converter  also  develops  RN'AV-type  signals  to 
drive  displays  and  flight  instruments.  Among  the  RNAV  signals 
that  must  be  computed  are: 

• distance  to  waypoint 

• cross  track  deviation 

• distance  between  waypoints 

• desired  track 

• direct  to  waypoint 

• parallel  offset  from  parent  track 

4. 1.3. 4 Input/Output  Characteristics.  The  input/output  character- 
istics of  the  Loran-C  navigation  set  are  generally  similar  to  other 
RNAV  systems  with  some  additions  for  controlling  the  Loran-C  receiver. 
The  RNAV  inputs  include: 
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• waypoints 

• waypoint  selection 

• parallel  offset  distance 

• magnetic  variation  (may  be  stored  internally) 

Additional  Loran-C  inputs  include: 

• chain  selection  - GRI 

• station  selection  - master,  Ur,X,Y,Z,T  secondaries 

• notch  filter  controls  (if  manual) 

Typical  RNAV  outputs  include: 

• ability  to  display  all  input  parameters 

• distance  to  waypoint 

• bearing  to  waypoint 

• cross  track  deviation 

• TO/FROM  waypoint  flag 

• appropriate  flight  control  parameters  to  interface  with  GDI 

• distance  to  waypoint  indicator 

• HSI  driving  signals 

• flight  director  driving  signals 

The  system  must  also  be  capable  of  annunciating  problems  associated 
with  any  portion  of  the  system.  Such  annunciators  include: 

• less  of  signal 

• low  quality  signal 

• poor  geometry  from  selected  stations 

• loss  of  aircraft  power 

• system  self-test  parameters 


4.2  PERFORMANCE  CHARACTERISTICS 


This  section  presents  a description  of  Loran-C  performance 
characteristics  and  an  assessment  of  the  degree  to  which  these 
characteristics  meet  the  system  requirements  presented  in  Section  III. 

4.2.1  Coverage 

Loran-C  coverage  charts  are  computed  and  published  by  the  United 
States  Coast  Guard.  The  charts  illustrate  the  expected  groundwave 
coverage  boundaries  as  determined  by  theoretical  calculations. 

The  contours  are  based  on  signal - to-noise  ratios  (SNR)  greater 
than  1:3  and  geometry  such  that  the  2-drms  position  error  is  less 
than  1500  ft.  Measurement  error  is  not  included  in  the  coverage 


contour  charts.  The  signal-to-noise  ratio  and  the  accuracy  consider- 
ations are  discussed  in  greater  detail  in  Appendix  A of  Vol.  III. 

4. 2.1.1  CONUS  and  CONUS  Off-shore.  A map  of  the  expected  Loran-C 
coverage  after  the  Coastal  Confluence  Zone  (CCZ)  transmitters 
are  commissioned  is  shown  in  Figure  4.6.  The  seven  chains  which 
are  used  to  provide  navigation  signals  in  the  CCZ  are  listed  in 
Appendix  A.  It  is  quite  evident  that  the  central  part  of  the  CONUS 
area  is  lacking  in  Loran-C  coverage.  In  order  to  complete  the 
CONUS  coverage,  the  Coast  Guard  has  proposed  an  eighth  chain  called 
the  Mid-Continent  Chain,  which  is  composed  of  a master  station 
near  Springfield,  Colorado,  two  new  secondary  stations  near  Harlem, 
Montana  and  Terlingua,  Texas,  and  double  rating  the  International 
Falls,  Minnesota,  Grangeville,  Louisiana,  and  Searchlight,  Nevada 
stations  to  the  new  chain.  This  proposed  configuration  is  shown 
in  Figure  4.7,  and  the  expanded  coverage  would  include  all  of  the 
CONUS  area  (station  locations  are  given  in  Appendix  A,  Vol.  1 1 1 J . 
Construction  and  operating  funds  for  the  seven  CCZ  chains  have  been 
approved.  However,  no  construction  or  operating  funds  have  yet 
been  approved  for  the  Mid-Continent  chain. 

Coverage  is  extensive  in  the  CONI'S  offshore  areas,  with  the 
proposed  CCZ  chains,  extending  to  300  nm  or  greater  except  in 
southern  Florida  where  the  coverage  drops  to  less  than  50  nmi 
offshore.  The  area  with  coverage  extending  less  than  200  nmi 
offshore  lies  in  a heavily  used  air  corridor  that  connects  Florida, 
the  Bahamas,  Puerto  Rico,  and  other  Carribean  Islands.  The  Carribean 
area  is  recognized  by  the  Coast  Guard  as  lacking  in  navigational 
aids,  both  marine  and  air,  and  is  receiving  increased  attention  for 
potential  extension  of  Loran-C  coverage. 

An  example  of  the  coverage  that  could  be  obtained  in  the 
> Caribbean  was  obtained  by  placing  a master  station  on  eastern 

Jamaica,  a secondary  station  at  Saint  John,  Virgin  Islands  and 
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(source:  U.S.  Coast  Guard) 


Figure  4.6  Proposed  Loran-C  Coverage  with  the  CCC  Chains 
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Figure  4.7  Proposed  Loran-C  Coverage  with  the  CC 

Mid- Cont inent  Chains 


double  rating  the  station  at  Jupiter,  Florida.  The  resulting 
coverage  diagram  is  shown  in  Figure  4.3.  Excellent  coverage  is 
available  for  most  of  the  northern  Caribbean  area.  In  particular, 
the  air  routes  between  South  Florida,  the  Bahamas  and  Puerto  Rico 
are  well  covered.  In  order  to  receive  the  Jupiter  Station  at 
Saint  John,  and  vice  versa,  the  transmitter  power  would  have  to 
be  in  the  vicinity  of  1MW.  This  represents  a significant  in- 
crease in  the  power  of  the  existing  Jupiter  transmitter  which  is 
rated  at  300  kW  at  the  present  time.  The  availability  of  suitable 
land  areas  for  locating  the  transmitters  may  be  a potential 
problem.  The  only  U.S.  island  in  the  area  of  Jamaica  is  Navassa 
Island,  which  has  a land  area  of  about  3 sq.  miles.  If  this 
island  is  not  suitable  for  a master  station,  then  agreements 
would  have  to  be  arranged  with  a foreign  government  for  installing 
and  operating  the  station. 

4. 2. 1.2  Alaska  and  Alaska  Off-shore.  Basic  Loran-C  coverage  in 
Alaska  and  Alaska  Off-shore  is  adequate  in  all  areas  of  the  state 
except  for  the  North  Slope  region.  At  least  one  additional  I.oran-C 
transmitter  is  necessary  in  order  to  obtain  adequate  primary  coverage 
on  the  North  Slope.  According  to  the  Coast  Guard  coverage  maps,  the 
northeastern  part  of  the  state  is  covered  by  the  North  Pacific 
Chain.  A signal-to-noise  ratio  analysis  for  Demarkati on  Point  in 
northeastern  Alaska  was  performed  (see  Appendix  A,  Vol.  III).  The  re- 
sults indicate  that  the  theoretical  coverage  from  the  St.  Paul  trans- 
mitter falls  about  bO  nm  short  of  Demarkation  Point.  This  analysis 
indicates  that  adequate  reception  of  the  North  Pacific  chain  is 
marginal  in  this  area  and  that  additional  coverage  would  be  necessary 
along  the  entire  North  Slope.  An  analysis  of  the  signal-to-noise 
ratio  available  at  remote  points  along  the  North  Slope  was  performed 
(see  Appendix  A,  Vol.  Ill)  and  it  was  shown  that  the  Tok  station  an  1 
the  Port  Clarence  station  are  able  to  be  received  throughout  the  Nortli 
Slope  area.  If  an  additional  transmitter  were  located  at  the  north- 
eastern tip  of  the  State,  near  Demarkation  Point,  and  if  the  Port 
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Figure  4.8  Theoretical  Coverage  Area  for  the  Caribbean  Chain 
(1500  ft  DRMS , 1000  NM  Range) 


Clarence  station  were  double  rated  to  the  Tok  master,  then 
Loran-C  coverage  would  be  extended  to  the  entire  state  and  all 
offshore  areas  out  to  a distance  of  at  least  150  nm.  The  coverage 
diagram  of  the  Tok,  Port  Clarence  and  Demarkation  Point  stations 
is  shown  in  Figure  4.9. 

The  CCZ  stations  along  with  the  addition  of  three  more 
stations  in  the  mid-continent  areas,  two  stations  ir  the  Carribbean 
and  one  station  in  Alaska  would  essentially  complete  'ran-C  primary 
coverage  for  all  major  U.S.  land  areas  and  off-shore  areas  except 
Hawaii.  A Loran-C  user  would  be  within  range  of  one  suitable 
Loran-C  triad  throughout  these  areas.  An  analysis  of  the  adequacy 
of  single  coverage  is  contained  in  the  section  relating  to 
Loran-C  reliability. 

4.2.2  Accuracy 

In  this  section  Loran-C  accuracy  characteristics  are  discussed 
in  terms  of  predictability  error,  repeatability  error  and  relative 
error.  In  general  terms  these  error  quantities  can  be  described 
in  the  following  manner  as  they  apply  to  Loran-C: 

(1)  Predictability  - the  accuracy  to  which  a positioning 
system  can  find  a point  for  the  first  time;  that  is, 
without  knowledge  of  any  bias  or  warp  in  the  radio 
field. 

(2)  Repeatab i lity  - the  accuracy  to  which  a positioning  system 
can  return  to  the  same  point  in  a repeated  trial,  that  is 
with  knowledge  of  bias  and  warp  in  the  radio  field. 

(3)  Relative  error  - the  accuracy  to  which  two  or  more 
different  receivers  will  indicate  the  same  readings  when 
they  are  at  the  same  point. 

In  general,  Loran-C  systems  will  encounter  some  elements  of  all 
three  types  of  error  in  their  normal  operations. 
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Figure  4.9  Theoretical  Coverage  for  Extended  Gulf  of  Alaska 
Chain  (1500  ft.  DRMS,  800  NM  range) 


54 


concern 


4. 2. 2.1  Predicatability  Errors.  The  major  factors  that 
predicatability  are  grid  warp  and  grid  bias  errors.  The  grid  is 
formed  by  applying  a mathematical  model  of  the  propagation 
phenomena  to  points  throughout  the  coverage  area,  computing  the 
expected  time-difference  values  and  plotting  them  on  a chart. 

When  a receiver  is  then  taken  to  a point  and  actual  time-differences 
are  measured  (with  zero  repeatability  and  relative  error),  the 
difference  between  the  grid  value  and  the  actual  value  is  the 
predictability  error.  Error  components  that  are  constant  over 
relatively  large  areas  (several  square  miles)  are  termed  "grid  bias 
errors"  and  components  which  vary  over  this  same  area  are  called 
"grid  warpage  errors  ."  The  models  of  LF  propagation  used  in  Loran-C 
systems  generally  consist  of  a speed- of - 1 ight  term  to  convert 
time  into  distance  and  a secondary  factor  correction  term  which 
accounts  for  the  phase  retardation  as  a function  of  distance  from 
the  transmitter.  Since  Loran-C  has  usually  been  used  over  seawater, 
the  speed-of- light  and  secondary  factor  terms  used  in  most  receivers 
to  date  has  been  representative  of  seawater  propagation.  As  the 
signal  propagates  over  land  an  additional  secondary  factor, 
caused  by  the  greater  phase  retardation  over  lower  conductivity 
earth,  is  present.  Figure  4.10  shows  theoretical  values  of  secondary 
factor  retardation  in  terms  of  microseconds  of  delay  as  a function 
of  distance  from  the  source.  It  is  apparent  that  different  con- 
ductivity conditions  will  give  rise  to  different  phase  delays  at 
the  same  distance  from  the  source. 

A theoretical  analysis  of  grid  bias  error  in  the  Revised  East 
Coast  Chain  was  performed.  The  navigation  receiver  was  assumed 
to  have  been  programmed  with  the  seawater  phase  correction  term 
from  Figure  4.10  (a  = S mho/meter)  while  the  actual  propagation 
conditions  were  assumed  to  be  represented  by  a phase  retardation 
corresponding  to  the  a = .005  mho/meter  curve  in  Figure  4.10. 

Obviously  this  is  an  oversimplification  of  the  actual  propagation 
conditions  in  the  East  Coast  area  but  the  model  is  sufficiently 
accurate  to  demonstrate  the  effect  of  the  additional  phase  retardation 
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on  the  position  accuracy.  The  results  of  the  analysis  are  presented 
in  Appendix  A,  Vol.  Ill  for  various  station  combinations.  It  is 
quite  evident  from  this  analysis  that  the  additional  secondary 
factor  retardation  can  cause  significant  predictability  errors 
in  many  parts  of  the  coverage  area.  At  the  point  that  is 
equidistant  from  all  stations,  a cancellation  of  the  error 
occurs  because  time  differences  are  used.  Consequently,  in  this 
area  errors  are  small.  The  major  error  appears  in  areas  where 
long  distances  to  one  station  and  short  distances  to  the  other 
stations  occur. 

Actual  measurements  of  this  grid  bias  error  have  been  made 
during  a Coast  Guard  helicopter  flight  test  program  in  the  Cape 
May,  New  Jersey  area  (Reference  22).  Airborne  position  recordings 
were  made  throughout  the  flight  test  and  time  correlated  with 
radar  measurements  taken  on  the  ground.  It  was  found  that  a bias 
error  of  0.38  nm  in  an  easterly  direction  was  present  throughout 
the  flight  test,  Figure  4.11.  The  receiver  used  in  the  test  had 
the  capability  of  incorporating  a position  update  in  the  position 
computation.  This  update  feature  was  used  to  try  and  remove  the  bias 
error.  Coordinates  of  the  helipad  used  during  the  flight  test 
were  used  as  the  update  point.  The  helipad  was  located  about  55nm 
from  the  flight  test  area.  However,  even  at  this  fairly  large 
distance  away  from  the  test  area  approximately  SO'  of  the  bias 
error  was  removed.  Flights  using  the  update  procedure  showed  a 
bias  error  of  only  0.08  nm.  Thus  the  bias  error  was  quite  consis- 
tent at  the  helipad  and  flight  test  locations. 

Conductivity  variations  and  terrain  variations  along  adjacent 
propagation  paths  create  grid  warpage  errors.  This  problem  has 
been  investigated  by  theoretical  studies  (References  20,25)  and  by 
Loran-C  experiments  (References  24,25,  and  2b).  The  experiments  and 
theory  are  in  general  agreement  as  to  the  affects  of  conductivity 
and  terrain  induced  grid  errors.  The  grid  warp  problem  has  been 
studied  extensively  at  the  Eglin  Air  Force  Base  in  Florida.  In 
Reference  2b  a series  of  tests  are  described  in  which  a Loran-C 
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COAST  GUARD  LORAN-C  FLIGHT  TEST  RESULTS 
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Figure  4.11  Results  of  Coast  Guard  Helicopter  Flight  Test 
Using  Loran-C  Navigation 
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simulator  was  used  to  attempt  to  match  "real  world"  data.  Residual 
errors  for  several  locations  are  shown  in  Appendix  A for  the 
Carolina  Beach  - Jupiter  and  the  Carolina  Beach  - Dana  time 
differences.  Grid  warp  errors  of  over  1 us  exist  in  some  areas 
of  the  Carolina  Beach  - Jupiter  pair  and  errors  up  to  800  us  exist 
for  the  Carolina  Beach  - Dana  pair.  This  data  is  shown  over  a 
20  by  2S  nm  grid.  One  reason  for  the  warpage  in  the  Carolina  Beach  - 
Jupiter  grid  is  the  abrupt  seawater  - land  boundary  in  the  Florida 
Panhandle  area  near  Apalachicola  Florida.  This  point  of  land 
creates  varying  land  - seawater  paths  throughout  the  Eglin  area 
and  is  considered  a major  source  of  the  grid  warn. 

Similar  warpage  due  to  coastlines  has  been  shown  in  the 
Montauk  Point,  \'ew  Jersey  area  (Reference  24).  The  D.S.  Army 
Electronics  Command  (ECOM)  used  a manpack  receiver  mounted  in  a 
van  to  investigate  errors  in  this  area.  The  data  from  the  test 
were  analyzed  by  least  squares  contour  mapping  program  and  the 
results  are  shown  in  Appendix  A,  Vol.  III.  Again  peak  grid  warp 
errors  are  on  the  order  of  0.75  to  1.00  us. 

Grid  warp  can  occur  from  terrain  features  such  as  mountains, 
also.  The  Army  ECOM  also  studied  propagation  anomalies  in  the 
vicinity  of  Nittany  Mountain  near  State  College,  Pennsylvania  (Appendix 
A,  Vol.  III).  Severe  grid  warp  can  be  observed  east  of  the  mountain 
where  errors  on  the  order  of  4 to  5 us  can  be  seen  in  the  TDA 
grid.  These  large  warpage  errors  can  cause  very  large  position 
errors  in  the  Loran-C  navigation  system.  These  errors  could  have 
a definite  impact  upon  final  approach  minimum  using  Loran-C  in 
mountains  and  coastal  areas. 

4. 2. 2. 2 Repeatability  Errors.  Errors  in  repeatability  arise 
from  a number  of  sources.  Among  those  that  have  been  considered 
are  noise  sources,  aircraft  dynamic  errors  and  chain  stability 
errors.  The  signal-to-noise  ratio  has  been  related  to  position 
error  by  several  studys  including  Scott  (Reference  27). 
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In  this  study,  it  was  shown  that  filter  time  constants  on  the 
order  of  5 to  10  seconds  will  produce  position  errors  of  less 
than  0.1  us  for  s ignal - to  - no i se  ratios  of  -10  db . 

The  use  of  long  filtering  times  can  produce  position  errors  as 
the  aircraft  turns  or  otherwise  maneuvers  to  cause  a sudden  change 
in  the  rate-of -change  of  a time-difference.  The  maximum  error  for 
such  a maneuver  is  approximately  (Appendix  A,  Vol.  Ill): 

Emax  = A t2 

where  A = acceleration  experienced  bv  the  aircraft  (ps/s2) 
t = post  detection  filter  time  constant(s) 

A typical  acceleration  limit  used  by  many  civil  aircraft  is  0.15  g 
which  is  .0098  ps/s2  along  the  baseline.  The  resulting  maximum 
error  for  a filter  time  constant  of  10  seconds  is 

Emax  = 0.98  ps 

This  error  can  be  reduced  significantly  if  rate  aiding  is  used 
to  aid  the  filter  in  tracking  the  difference.  The  selection  of 
an  appropriate  filter  bandwidth  is  obviously  a trade-off  betw’een 
s ignal - to-noise  and  dynamic  response  considerations. 

A third  source  of  repeatability  error  comes  from  variations 
in  the  chain  pulse  timing.  This  error  source  is  called  chain 
stability.  The  USAF  measured  chain  stability  at  their  Eglin  Test 
Facility.  Data  shox^n  in  Figure  4.12  represent  corrections  that  were 
applied  to  their  data  reduction  programs  in  order  to  correct  for 
chain  stability.  Mean  errors  on  the  order  of  0.17  and  0.05  ps  were 
observed  and  a standard  deviation  of  0.10  ps  for  TDA  and  0.07  ps  for 
TDB  respectively  were  observed  during  these  tests.  During  the 
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Coast  Guard  flight  test  in  Mew  Jersey  (Reference  22  i the  Loraa-C 
repeatability  was  measured.  These  results  are  shown  in  Figure 
4.11.  The  2 7 values  for  repeatability  on  these  tests  was  0.087  nn. 
This  level  of  repeatability,  if  available  in  a large  part  of  the 
coverage  area,  is  well  within  the  requirements  of  civil  aviation. 

4.  2. 2. 3 Relative  f:rror.  Relative  error  is  caused  by  receivcr-to- 
receiver  variations  in  design,  antennas,  clock  accuracy,  filter 
time  constants,  etc.  The  variations  between  Loran-C  sets  should 
not  exceed  1 « of  a cycle  (.lys)  in  most  circumstances  and  should 
not  be  a major  source  of  position  error. 

4. 2. 2. 4 Summary . From  a repeatability  and  relative  error  stand- 
point, the  Loran-C  navigation  system  should  be  capable  of  supporting 
civil  aviation  operations.  In  some  areas  near  mountains  and 
coastal  areas  Loran-C  predictability  errors  could  be  troublesome 
in  instrument  approach  operations.  Careful  flight  checking 
should  be  carried  out  in  potential  problem  areas  in  order  to  be 
assured  of  a quality  signal  with  sufficient  accuracy  to  perform  the 
procedure.  The  Loran-C  accuracy  should  be  well  within  the  limits 
necessary  to  support  enroute  and  terminal  area  operations. 

4.2.3  Operational  Considerations 

4. 2. 3.1  Flexibility.  Since  Loran-C  provides  position  information 
(in  the  form  of  the  time  differences)  throughout  the  coverage  area, 
it  is  capable  of  performing  area  navigation  function,  as  opposed 
to  requiring  flight  operations  from  station  to  station.  As  a 
result,  the  capability  to  specify  any  route  (and  hence  meet  the 
flexibility  requirements  of  Section  3.4.1)  is  available  as  an 
inherent  feature  of  Loran-C.  Some  low-cost  mechanizations  of  Loran-C 
airborne  systems  may  have  flexibility  restrictions,  however; 
for  example,  limitations  in  the  number  of  chain  constants  or  waypoints 
capable  of  being  stored  by  the  onboard  equipment. 
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4. 2. 3. 2 Position  Presentation.  The  raw  outputs  of  the  Loran-C 
receiver  are  tine  differences  from  pairs  of  stations;  this  infor- 
mation needs  additional  processing  to  be  useful  for  navigation. 

The  processing  required  to  convert  Loran-C  coordinates  to 
position  and  track -keep ing  information  can  be  implemented  either 
manually  or  automatically.  Manual  implementation  has  a signifi- 
cant impact  on  pilot  workload  and  is  subject  to  error.  In  order 
to  satisfy  the  intent  of  the  position  presentation  requirement 
(Section  3.4.2),  automatic  processing  is  required,  with  associated 
on-board  computational  hardware  and  software. 

4. 2.3.3  Common  Input  Format,  Pilot  Workload  and  Failure  Alerts. 
These  three  requirement  subcategories  relate  to  the  aircraft 
avionics  design.  The  actual  design  is  dependent  upon  the  individual 
manufacturers.  However,  due  to  the  competitive  nature  of  hardware 
marketing,  an  attempt  will  be  made  by  the  manufacturers  to  cause 
their  avionics  design  to  be  consistent  with  the  requirements. 

4. 2. 3. 4 System  Activation  and  Position  Fix  Update  Rate.  Several 
factors  that  must  be  considered  in  the  discussion  of  system  acti- 
vation relate  to  the  nature  of  the  proposed  implementation  of  the 
navigation  system.  If  the  proposed  implementation  calls  for  the 
navigation  system  to  be  utilised  as  the  primary  system,  then  meeting 
the  acquisition  time  requirement  specified  in  Section  5.4.8  is 
critical.  Implementation  of  the  candidate  system  in  a supplementary 
role  would  indicate  that  meeting  the  acquisition  time  criterion 

is  critical  only  in  those  regions  where  the  primary  system  is  not 
suitable  and  not  nearly  as  critical  where  the  candidate  serves  as 
a redundant  system  to  the  primary. 
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Another  factor  to  be  considered  is  the  type  of  avionics  that 
is  available.  Lower  cost  avionics  may  not  have  an  automatic  rate- 
aiding  capability.  Hence,  the  acquisition  or  reacquisition  time, 
while  airborne,  would  have  the  characteristics  of  a navigation  gap 
or  signal  reception  loss.  Rate-aiding  provides  a dead  reckoning 
capability  during  acquisition  or  during  partial  signal  loss.  Also, 
the  avionics  could  be  configured  so  that  during  acquisition  of  a 
new  transmitter  the  receiver  remains  locked  on  to  the  old  trans- 
mitter. This  again  impacts  avionics  cost. 

The  Loran-C  system  shows  acquisition  times  on  the  order  of  one  (1 
to  five  (5)  minutes  [22,  29]-  This  quantity  docs  not  meet  the 
requirements  specified  in  Section  5.4.8  for  any  of  the  flight 
regions.  As  a primary  system  with  low  cost  avionics  the  Loran-C 
system  cannot  meet  the  acquisition  time  requirement.  As  a 
supplementary  system  and/or  with  more  sophisticated  and  more 
costly  avionics  the  Loran-C  system  may  be  structured  so  as  to 
meet  this  requirement.  The  impact  is  one  of  additional  avionics 
cost  which  is  not  addressed  here. 

As  discussed  in  Section  4.1.2,  the  group  repetition  interval 
(GRI)  ranges  from  40,000  to  99,990  ps  and  is  chain  unique.  The  GR1 
of  a particular  chain  represents  the  minimum  update  interval  for 
the  users.  Hence,  a GRI  of  99,990  ps,  or  approximately  0.1  sec., 
is  within  the  navigation  requirements  established  in  Section  III 
regarding  position  fix  update  rates. 

4.2.4  Capacity 

The  Loran-C  navigation  system  is  passive  in  the  sense  that 
navigation  signals  are  transmitted  from  the  ground  station  to 
the  aircraft.  Only  a single  signal  is  radiated  which  can  be 
accessed  by  all  aircraft  within  reception  range.  Hence,  the 
capacity  of  the  Loran-C  navigation  system  is  unlimited,  as  required 
(Section  3.5). 
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4.2.5  Compatibility 

The  compatibility  of  Loran-C  with  existing  flight  operations 
has  three  aspects.  The  first  two  aspects  concern  the  compatibility 
of  Loran-C  with  other  navigation  instruments  and  electronic  compati- 
bility in  the  cockpit  environment.  The  third  area  of  compatibility 
concerns  Loran-C  and  its  relationship  to  international  avionic 
standards . 

Since  Loran-C  is  an  area  navigation  system,  any  properly- 
designed  receiver/converter  should  be  capable  of  being  operated 
in  both  the  present  VOR  route  structure  and  any  future  area 
navigation  oriented  route  structure.  The  requirements  placed  upon 
the  airborne  system  to  accomplish  this  are  discussed  in  Section 
4.1.3.  In  addition,  Loran-C  can  be  used  effectively  to  deliver 
the  aircraft  to  a point  from  which  an  instrument  approach  can  be 
made.  Consequently,  there  should  be  no  difficulty  in  transitioning 
between  flight  phases  using  Loran-C  with  other  navigation  instru- 
mentation such  as  ILS,  MLS,  NDB,  marker  beacons,  etc. 

The  question  of  electronic  compatibility  has  several  potential 
problem  areas  but  none  which  seem  insolvable  from  a technical 
standpoint.  Some  of  the  problem  areas  include  precipitation  static, 
acquisition  and  settle  time,  wrong  cycle  selection,  low  signal- 
to-noise  ratio,  cross-rate  interference  and  interference  between 
the  ADF  and  Loran-C  when  both  use  the  ADF  sense  antenna.  Indeed 
the  solution  to  problems  such  as  these  could  affect  the  cost  of 
the  airborne  system  and  reduce  the  economic  attractiveness  of  such 
a system.  However  this  situation  manifests  itself  as  an  economic 
problem  rather  than  an  electronic  compatibility  problem  as  long 
as  FAA  avionic  standards  recognize  these  technical  problems  and 
require  solution  for  use  in  civil  aviation. 

The  question  of  the  compatibility  of  Loran-C  with  existing 
international  standards  established  by  the  International  Civil 
Aviation  Organization  (I.C.A.O.)  poses  a serious  problem  area  for 
the  use  of  Loran-C  as  the  primary  U.S.  aeronautical  navigation 
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system.  The  existing  ICAO  Standards  require  the  use  of  the  VOR 
system  as  the  short  - distance  navigation  aid  until  at  least 
January  1,  198S  (Ref.  30).  The  possibility  of  Loran-C  replacing 
VOR  as  the  international  standard  short-distance  aid  are  very  re- 
mote since  the  majority  of  the  areas  of  the  world  requiring 
navigation  coverage  are  not  serviced  by  Loran-C.  Consequently, 
it  is  quite  likely  that  the  VOR  system  will  continue  to  be  the 
international  standard  well  into  the  1980s  or  even  1990s.  This, 
in  turn,  will  place  a requirement  upon  the  FAA  to  maintain  VOR 
facilities  along  routes  used  by  international  air  traffic  and 
to  provide  air  traffic  control  services  to  these  aircraft.  Thus 
it  is  unlikely  that  a major  decommissioning  of  VOR  stations 
could  occur  even  if  Loran-C  were  adopted  as  a primary  national 
standard. 

One  plausible  scenario  for  the  next  10-15  years,  however, 
has  Loran-C  being  used  with  increasing  frequency  as  a primary 
system  in  remote  areas  and  offshore  areas  of  the  CONUS  and  Alaska 
with  VOR,  Omega,  VLF,  airborne  radar  or  some  other  suitable 
aid  used  as  a secondary  system  in  these  areas.  In  the  remaining 
CONUS  and  Alaskan  areas  Loran-C  could  be  used  as  an  area 
navigation  system  with  VOR  used  as  an  alternate  system  in  the  event 
of  a Loran-C  system  outage,  lack  of  Loran-C  coverage  or  if  for 
some  other  unspecified  reason  a reversion  to  VOR  airways  is 
necessary.  In  this  scenario  VOR  remains  as  the  primary  enroute 
navigation  system  in  the  NAS  but  Loran-C  becomes  increasingly 
important  in  aviation  operations.  This  scenario  assumes  that 
Loran-C  is  found  to  be  operationally  and  economically  satisfactory 
to  both  the  FAA  and  civil  users.  If  this  assumption  is  not 
fully  realized,  then  the  role  of  Loran-C  in  civil  aviation 
operations  must  be  appropriately  down-graded. 
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4.2.6  Loran-C  Reliability/Redundancy 


The  reliability  of  the  ground  station  is  one  of  the  most 
critical  issues  concerning  the  use  of  Loran-C  as  the  primary 
MAS  navigation  system.  The  existing  VORTAC  system  is  a widely 
distributed  system  with  over  1000  stations  throughout  the  nation, 
each  operating  independently  from  the  other.  The  failure  of 
a single  station  can  cause  minor  disruptions  in  enroute  navi- 
gation and  perhaps  a few  missed  approaches,  but  in  most  areas 
of  the  country,  an  alternate  VORTAC  is  available  nearby  which 
can  offer  substitute  enroute  service  or  an  instrument  approach 
can  be  made  at  a nearby  airfield.  On  the  other  hand,  the  Loran-C 
system  consists  of  approximately  26  stations  which  are  inter- 
connected in  eight  chains.  The  outage  of  a master  station  can 
disrupt  the  operation  of  the  entire  chain  when  master  dependent 
receivers  are  in  use.  An  example  of  the  impact  that  a master 
station  outage  could  have  on  ATC  operations  can  be  appreciated 
by  examining  the  effect  upon  the  FAA  Eastern  Region  of  losing  the 
Seneca  Master  Station  for  a one  hour  period  in  the  middle  of 
the  day.  The  total  annual  IFR  traffic  handled  forecast  for  the 
Eastern  Region  in  the  year  1986  is  5,005,000  (Reference  51). 

This  amounts  to  a daily  traffic  figure  of  13,700  aircraft.  If  8?j 
of  the  aircraft  are  operating  during  the  peak  hour,  then  1,100 
aircraft  will  be  handled  by  the  Eastern  Region  during  this  hour. 

The  absence  of  a navigation  system  for  this  region  for  this 
period  would  place  unacceptable  levels  of  workload  upon  the 
controllers  and  the  ATC  system.  For  this  reason  the  navigation 
system  must  be  designed  to  be  at  least  fail  soft  if  not  fail 
safe  to  prevent  such  situations  from  occuring. 

The  reliability  of  the  Loran-C  system  must  be  analyzed  from 
both  the  transmitter  and  receiver  standpoint.  Statistical  data 
that  is  relevant  to  present  day  transmitters  and  receivers  is  some- 
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what  difficult  to  obtain.  The  Coast  Guard  has  just  finished  a 
major  Loran-C  Replacement  Equipment  (LRE)  modernization  program 
at  several  Loran-C  transmitter  sites  [ 32  ] . The  fact  that  this 

LRE  program  has  been  in  progress  has  caused  reduced  reliability 
statistics  due  to  off-air  times  for  equipment  replacement  and 
test.  Consequently,  the  most  pertinent  data  on  Loran-C  transmitter 
reliability  is  available  only  since  the  installation  of  these 
improvements  has  been  completed.  This  is  a relatively  short 
period  of  time  from  which  to  draw  any  significant  conclusions. 

However,  a one  year  sample  of  the  East  Coast  Chain  equipment-outage 
histogram  was  obtained  and  some  analyses  of  these  data  are  dis- 
cussed in  subsequent  paragraphs. 

A similar  problem  with  relevant  airborne  reliability  data 
exists  also.  Most  airborne  Loran-C  applications  have  been  oriented 
toward  military  programs  with  high-cost,  sophisticated  receiver 
systems.  It  could  be  misleading  to  attempt  a correlation 
between  military  and  civil  receiver  reliability  because  the  receivers 
and  the  operating  environment  are  entirely  different.  Consequently, 
in  this  section,  some  of  the  problems  that  cause  reduced  reliability 
in  airborne  receivers  will  be  discussed  in  general  terms  only. 

4. 2. 6.1  Ground  Station  Reliability.  Figure  4.13  is  a histogram 
which  presents  the  number  and  duration  of  both  scheduled  and  non- 
scheduled  station  off-air  times  for  the  entire  East  Coast  Chain 
for  the  one  year  period  (December  1975  to  November  1976).  This 
time  period  represents  data  taken  after  the  Coast  Guard  LRE  program 
was  completed  at  these  stations.  The  data  shown  in  Figure  4.13 
were  accumulated  and  plotted  on  a probability  distribution  graph 
(see  Figure  4.14)  for  exponentially  distributed  random  variables.  The 
exponential  distribution  is  the  classical  distribution  used  in  reli- 
bility  analyses.  On  this  graph  an  exponentially  distributed  random 
variable  will  be  represented  by  a straight  line  whose  slope  repre- 
sents the  mean-time-to-restore  (MTTR)  statistic.  Since  data  were 
shown  in  the  histogram  at  one,  five  and  thirty  minute  intervals, 
only  these  values  are  known  for  the  ordinate  values  in  Figure  4.14. 
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Figure  4.14  Di  s t r i but  i on  of  the  Duration  of  Hast  Coast  I,oran-C  Off-Air  Times 

(12/75  to  11/70) 


Data  were  plotted  for  each  station  and  the  total  chain  operation. 

A line  connecting  the  totaled  data  was  drawn  which  connected 
the  three  ordinate  values.  The  data  for  the  one  minute  and  five 
minute  outages  form  a relatively  straight  line  whose  slope 
represents  a mean  time  to  restore  of  1.5  minutes.  However,  when 
the  thirty  minute  data  is  added  it  can  be  seen  that  the  slope 
increases  rapidly  and  the  mean  time  to  restore  statistic  increases 
to  about  6.4  minutes  at  the  30  minute  point.  This  type  of  distri- 
bution pattern  could  be  expected  if  stations  were  occasionally 
turned-off  for  periodic  maintenance.  The  data  shown  in  the  figure 
also  indicates  that  a station  can  be  expected  to  be  off  the  air  for 
a period  greater  than  thirty  minutes  about  twice  a year.  Since 
three  stations  are  required  for  navigation , then  for  six  times  per 
year  the  user  may  be  without  a navigation  signal  for  a period 
of  at  least  30  minutes  if  the  data  in  the  figure  are  representative. 

Of  course  a one  year  sample  of  one  chain  is  not  sufficient  to 
provide  general  conclusions  on  ground  station  reliability, 
but  it  does  indicate  possible  trends. 

The  reliability  statistics  discussed  in  the  preceeding 
paragraphs  are  unacceptably  high  when  taken  alone.  However,  if 
this  data  represents  the  reliability  of  the  primary  part  of  a fail- 
soft  type  system  where  an  alternate,  but  possibly,  degraded 
mode  of  operation  is  available  to  the  pilot  during  the  station  off- 
air  times,  then  the  system  may  meet  the  reliability  requirements 
(Section  3.7).  The  results  of  this  analysis  thus  indicate  that 
some  additional  means  of  navigation  must  be  available  to  the  pilot 
in  the  event  that  one  of  his  three  primary  Loran-C  transmitters 
should  fail.  Some  of  the  potential  candidates  for  achieving  this 
requirement  are  discussed  in  Section  4. 2.6. 3 below. 

One  of  the  obvious  means  of  increasing  Loran-C  ground  station 
reliability  is  through  providing  redundant  coverage  throughout 
the  CONUS,  offshore  and  Alaskan  areas.  This  approach  was  used  by 
a study  that  was  reported  in  Reference  ( 33  ] . In  this  study  the 

locations  of  the  15  CCZ  stations  were  assumed  to  be  fixed.  Additional 
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stations  were  added  to  provide  redundant  coverage  throughout  the 
CONUS  region.  The  analysis  was  performed  for  both  master  dependent 
receivers  and  master  independent  receivers.  It  was  found  that 
16  additional  transmitters  would  be  required  for  master-dependent 
receivers  and  13  additional  transmitters  would  be  required  ^>r 
master- independent  receivers.  Extending  these  results  to  the 
offshore  (including  Caribbean)  and  Alaskan  areas  was  not  performed 
on  a coverage  diagram  basis  in  the  study.  However,  an  extrapolation 
of  the  data  from  the  previous  study  would  tend  to  indicate  that 
about  45  stations  would  be  required  for  master-dependent  receivers 
and  41  stations  would  be  required  for  mas  ter  - independent  receievers. 
Twenty  (20)  of  these  stations  are  part  of  the  CCZ  system.  The 
remainder  would  have  to  be  added  for  civil  aviation  purposes. 

This  technique  of  improving  reliability  is  not  without  problems. 
Obviously,  the  great  increase  in  the  number  of  stations  would 
similarly  increase  the  cost  of  the  system  to  the  FAA.  This  increase 
in  stations  would  similarly  increase  receiver  problems  caused 
by  cross-chain  interference. 

4. 2.6. 2 Airborne  System  Reliability.  The  reliability  of  the 
airborne  system  can  be  affected  by  a number  of  factors.  Some  of 
the  phenomena  which  create  problems  with  the  signal  reception 
and  signal  processing  are  described  in  the  following  paragraphs. 

One  of  the  common  problems  associated  with  receiver  reliability 
is  low  signal- to-noise  ratio.  The  noise  may  be  caused  from  sources 
outside  or  inside  the  aircraft.  Sources  of  noise  outside  the  air- 
craft may  be  atmospheric  noise  from  thunderstorms  and  other 
electrical  activity  in  the  atmosphere.  Sources  of  noise  from  within 
the  aircraft  can  include  precipitation  static  caused  by  the  metal 
aircraft  impacting  precipitation  or  dust  particles  and  developing 
a static  charge.  Other  sources  of  noise  include  aircraft  skin 
currents  and  other  electrical  devices  operating  in  the  aircraft. 
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Interference  from  signal  sources  which  operate  in  or  near 
the  Loran-C  band  of  90-110  kHz  can  cause  unreliable  operation 
of  the  Loran-C  receiver.  In  North  America  the  Loran-C  band  is 
reserved  for  navigation  and  thus  the  major  interference  will 
come  from  other  navigation  radio  location  systems  like  tactical 
Loran,  Decca,  and  some  of  the  mini  Loran-C  chains  like  St.  Mary's 
River  in  Canada.  The  U.S.  Navy  has  a LF  communication  network 
that  operates  on  each  side  of  the  Loran-C  band.  In  particular, 
a powerful  communication  transmitter  near  Annapolis,  Md.  operates 
at  88  kHz  and  122  kHz.  Interference  from  CW  sources  in  or  near 
the  Loran-C  band  is  usually  attenuated  in  the  receiver  front-end 
through  the  use  of  notch  filters  which  remove  the  offending 
frequencies.  The  use  of  these  filters  will  distort  the  Loran-C 
pulse  slightly.  The  amount  of  distortion  depends  upon  the  shape 
of  the  notch  and  the  frequency  of  the  interference. 

A potential  major  source  of  interference  is  Loran-C  itself. 

If  all  planned  chains  in  North  American  come  into  existence,  there 
will  be  eight  (nine  with  the  Caribbean)  chains  operating  in  the 
90-110  kHz  band.  Each  chain  will  have  its  own  GRI  but  there  are 
times  when  the  pulses  from  different  chains  will  be  coincident 
and  cause  interference.  Careful  selection  of  GRI  and,  in  some 
cases,  phase  code  can  minimize  the  mutual  interference. 

One  other  source  of  self - inter ference  comes  from  the  Loran-C 
skywave  signal.  In  some  regions  of  the  coverage  area,  the  skywave 
signal  from  a remote  transmitter  may  be  stronger  than  the  ground- 
wave  signal  causing  “the  receiver  to  acquire  the  skywave.  Since 
the  skywave  signal  is  delayed  some  400  us  or  more  than  the  ground- 
wave,  the  indicated  position  will  be  in  error  by  a considerable 
amount  (5-50  nm) . In  order  to  protect  the  navigation  system 
from  obtaining  skywave  information,  receiver  systems  continue  to 
search  ahead  of  the  received  pulse  for  a groundwave  pulse. 

.enerally,  through  careful  design  and  installation  the  problem 
nerein  can  be  minimized  or  eliminated.  However,  thorough 
and  inspection  of  these  problem  areas  should  be 
. "for?  equipment  is  approved  for  IFR  operations. 
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4. 2.6. 3 Alternate  Modes  of  Operation.  The  standard  operating 
mode  of  Loran-C  has  been  through  the  use  of  the  master  and  two 
secondary  stations  all  operating  at  the  same  GRI . This  mode  of 
operation  provides  the  type  of  coverage  patterns  that  are  shown 
in  Section  4.2.1.  However,  other  modes  of  operation  are  possible 
and  perhaps  desirable  in  many  instances. 

The  first  and  most  easily  accomplished  alternate  mode  is  the 
master - independent  receiver.  Once  the  pulse  groups  in  the  GRI 
have  been  identified  as  to  their  station  of  origin,  they  may  be 
tracked  independently.  Time-difference  measurements  may  be  made 
between  secondary  stations  as  well  as  the  master  and  secondary 
stations.  The  use  of  secondary-secondary  time - di f ferences  permits 
the  use  of  other  geometry  configurations  for  the  position  computa- 
tion and  thus  may  improve  the  GDOP  factors  relative  to  the  master- 
secondary  configuration.  Another  and  perhaps  more  valuable  attri- 
bute of  the  master- independent  receiver  is  that  the  chain  operation 
is  no  longer  dependent  upon  receiving  the  master  station.  Should 
the  master  go  off-the-air  or  out  of  range,  then  as  long  as  three 
stations  in  the  chain  are  being  received  and  the  GDOP  is  satis- 
factory, position  computation  and  navigation  can  continue. 

Another  and  more  sophisticated  type  of  receiver  design  is 
represented  by  the  cross-chain  receiver.  The  cross-chain  receiver 
is  capable  of  acquiring  and  tracking  stations  in  at  least  two 
different  chains,  each  having  their  own  GRI.  One  time-difference 
measurement  is  made  using  two  stations  in  one  chain  and  the 
second  time- difference  is  made  using  two  stations  in  a second 
chain.  Position  and  navigation  computations  are  made  using  the 
chain  constants  and  station  locations  of  the  received  stations. 
Coverage  patterns  for  the  CONUS,  offshore  and  Alaska  could  be 
altered  considerably  if  cross-chain  operation  were  used.  The  major 
disadvantage  of  this  type  of  receiver  are  increased  cost  due  to 
the  additional  complexities  associated  with  the  reception  3nd 
tracking  of  two  different  GRIs. 
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Another  alternate  mode  of  operation  is  the  rho-rho  mode  where 
time  is  measured  relative  to  the  receiver  time  standard.  Time- 
differences  can  be  measured  by  subtracting  the  time-of -arrival 
of  the  pulses  if  desired.  Once  position  is  known,  the  range 
to  each  of  the  stations  is  known  and  the  time  that  the  pulse  was 
transmitted  can  be  computed.  Through  this  technique  the  receiver 
clock  can  be  synchronized  to  the  Loran-C  transmitter  clocks,  and 
the  drift  rate  and  the  bias  of  the  clock  can  be  measured.  Should 
only  two  stations  be  available  to  the  receiver,  position  and 
navigation  computations  can  continue,  but  the  clock  cannot  be 
updated.  If  a suitable  airborne  clock  is  used,  then  accurate  navi- 
gation may  continue  for  some  period  of  time  without  the  position 
error  growing  too  large.  Should  the  additional  stations  become 
available,  the  clock  may  be  synchronized  again.  The  major  dis- 
advantage with  this  system  is  generally  the  higher  cost  of  the 
clock  and  associated  receiver  complexity. 

One  other  mode  of  operation  that  could  provide  fail-soft 
reliability  to  the  Loran-C  system  is  the  use  of  the  skywave 
signal.  If  position  is  approximately  known,  then  skywave  correc- 
tion values  can  be  determined  and  the  time-difference  can  be 
computed  through  the  use  of  these  corrections.  The  navigation 
information  will  certainly  be  less  accurate  than  with  groundwave 
Loran-C  but  accuracy  on  the  order  of  2-3  nm  can  be  expected  in 
areas  of  good  skywave  signals.  If  such  a system  is  used,  receivers 
should  be  capable  of  informing  the  pilot  that  skywave  is  in  use 
and  pilots  should  be  trained  to  expect  less  accurate  performance 
with  the  skywave  signals.  The  receivers  must  be  capable  of 
automatically  correcting  for  the  skywave  to  minimize  pilot  work- 
load. 
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4.3  LORAN-C  IN  THE  NATIONAL  AIRSPACE  SYSTEM 


4.3.1  Implementation  Factor? 

The  use  of  Loran-C  in  the  NAS  can  be  accommodated  in  at 
least  two  different  manners.  First,  it  can  be  used  as  a supple- 
ment in  areas  of  VORTAC  coverage  voids  and  to  provide  area  navi- 
gation capabilities  in  areas  of  Loran-C  coverage.  The  other 
aspect  of  Loran-C  utilization  is  its  use  as  the  primary  enroute 
navigation  in  the  NAS  as  discussed  in  the  previous  section.  For 
use  as  a supplementary  system  Loran-C  equipment  needs  to  be 
certified  under  Advisory  Circular  90-45A  and  suitable  operating 
procedures  need  to  be  developed.  These  operating  procedures 
will  vary  depending  whether  the  aircraft  is  being  operated  under 
Part  91,  121  or  135  of  the  Federal  Air  Regulations.  In  general, 
these  procedures  will  consider  the  areas  in  which  the  equipment 
can  be  operated,  the  requirement  for  additional  navigation  ecuip- 
ment  and  the  flight  phases  and  minimums  to  which  the  equipment 
can  be  operated.  Although  considerable  work  must  be  accomplished 
before  Loran-C  can  be  used  as  a supplementary  navigation  system, 
the  procedures  are  relatively  straight  forward  and  they  have  been 
applied  to  other  systems. 

The  use  of  Loran-C  as  the  primary  navigation  system  in  the 
NAS  has  a considerably  greater  impact  upon  many  aspects  of  civil 
aviation.  The  problems  vary  all  the  way  from  defining  the  basic 
ground  station  and  airborne  requirements  to  adhering  to  inter- 
national agreements  relative  to  air  navigation  facilities.  Several 
of  these  implementation  factors  are  listed  in  the  following 
paragraphs . 

One  of  the  first  tasks  in  adopting  Loran-C  as  the  new  NAS 
navigation  system  is  the  development  of  an  implementation  plan. 

This  plan  would  serve  as  the  basic  management  tool  for  the 
adoption  of  the  new  system  and  wotild  contain  milestones  that  must 
be  accomplished,  schedules  which  should  be  kept  and  inter- 
relationships between  the  various  aspects  of  the  program.  Some 
of  the  major  milestone  activities  and  nominal  periods  of  concern 
are  as  follows: 
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• System  concept  definition  (1977-1980) 

• Cost  benefit  evaluation  (1978-1981) 

• Ground  station  installation  (1977-1985) 

location  planning 

site  acquisition 

site  preparation 

station  construction 

station  calibration 

operational  status 

maintenance  standards  development 

• Airborne  equipment  definition  (1978-1985) 

redefinition  of  airways  and  approach  procedures 
development  of  TERPs 

• Airway  facility  standards  development  (1980-1985) 

monitor  station  requirements 
flight  checking  requirements 

• Government  agency  coordination  (1977-1985) 

Coast  Guard 
Military 

Federal  Communication  Commission 
National  Ocean  Survey  (charts) 

• Foreign  government  coordination  (1982-1985) 

ICAO 
Canada 
Mexico 
West  Indies 

• Dual  system  operation  (1985-2000) 

ICAO  requirements 

user  transition  requirements 

decommissioning  of  VORTACs 

Very  little  if  any  work  can  proceed  without  first  developing 
the  basic  system  concept  definition.  There  are  several  tradeoffs 
that  can  be  made  between  ground  station  coverage  and  airborne 
equipment  modes  of  operation.  Decisions  such  as  the  requirement 
for  master  indepedent  operation,  rho-rho  operation,  skywave 
operation,  etc.,  must  be  made  before  the  ground  station  requirements 
can  be  completely  defined.  Decisions  such  as  these  will  impact 
many  other  aspects  of  the  implementation  problem. 


4.3.2  Loran-C  as  the  Primary  Navigation  System 

When  comparing  navigation  requirements  for  civil  aviation 
applications  ana  horan-C  capabilities,  several  areas  of  concern 
arise.  Major  areas  of  concern  involve  system  reliability  and 
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compatibility.  The  questions  involving  Loran-C  reliability  are 
not  so  much  one  of  the  ability  of  the  station  operators  to  pro- 
vide reliable,  high  quality  navigation  signals  but  rather  a 
question  of  the  FAA's  management  philosophy  concerning  navigation 
facilities.  Questions  involving  compatibility  involve  both 
domestic  and  international  air  navigation. 

At  the  present  time  there  are  approximately  1000  VORTAC 
stations  in  the  CONUS  each  operating  independently.  At  most,  two 
stations  are  required  at  any  one  time  for  navigation  purposes  (to 
determine  a fix)  and  any  problem  associated  with  signal  availa- 
bility is  confined  to  the  area  around  the  VORTAC.  This  area 
is  approximately  5,000  sq.  miles  for  a low  altitude  facility  and 
80,000  sq.  miles  for  a high  altitude  facility.  A Loran-C  master 
station  may  serve  an  area  of  1.5  million  sq.  miles  or  greater  which 
represents  roughly  20  times  the  area  of  a high  altitude  VORTAC 
and  300  times  the  area  of  a low  altitude  facility.  If  Loran-C 
were  the  primary  navigation  system,  station  outages  could  affect 
areas  of  the  country  that  are  a sizeable  fraction  of  the  CONUS 
area  rather  than  keep  them  confined  as  does  the  VORTAC  system. 
Widespread  navigation  system  outages  could  have  potentially 
hazardous  impacts  upon  ATC  system  safety. 

One  other  navigation  facility  management  philosophy  that  is 
appropriate  to  the  question  of  Loran-C  as  the  primary  navigation 
system  is  the  question  of  the  major  purpose  of  the  navigation 
system.  The  VOR  system  is  operated  by  the  FAA  for  the  express 
purpose  of  providing  navigation  service  to  civil  aviation.  The 
purpose  of  the  CCZ  Loran-C  stations  on  the  other  hand  is  to  pro- 
vide navigation  services  to  maritime  interests.  To  the  extent 
that  the  maritime  and  aviation  requirements  overlap,  the  operating 
and  maintenance  procedures  of  the  Loran-C  stations  could  remain 
essentially  the  same.  However  the  use  of  Loran-C  for  primary 
civil  aviation  purposes  could  impose  new  and/or  additional  require- 
ments upon  the  Loran-C  Station  operation.  Some  of  the  areas  which 
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could  be  affected  are  monitor  station  requirements,  phase  adjust- 
ment procedures,  in-service  maintenance,  outage  reporting  proce- 
dures, chain  calibration,  auxilliary  power  requirements,  fail 
safe-fail  soft  station  design  and  operation,  etc.  So  doubt  many 
operating  problems  may  become  evident  only  after  significant 
experience  in  the  use  of  Loran-C  for  aviation  purposes  has  been 
obtained.  Thus  the  full  extent  of  the  dual  maritime-aviation 
operation  cannot  as  yet  be  determined. 

Another  problem  facing  the  adoption  of  Loran-C  as  the  primary 
navigation  system  at  some  future  time  is  lack  of  operational 
experience  with  Loran-C  in  the  National  Airspace  System.  To  date 
no  Loran-C  system  has  been  certificated  for  use  in  domestic 
airspace  although  at  least  one  manufacturer  is  considering  applying' 
for  certification.  Airborne  Loran-C  experience  has  been  obtained 
through  expensive,  complex  military  systems  or  special  purpose 
receivers  used  by  the  Coast  Guard.  Additional  operational  exper- 
ience is  necessary  in  all  phases  of  civil  aviation  from  general 
aviation  through  air  carrier  operations  in  order  to  fully  appreciate 
all  operational  problems  that  could  beset  an  untried  navigation 
system.  In  particular,  potential  problem  areas  exist  relating  to 
the  capabilities  of  low  cost  navigation  receivers,  actual  as 
opposed  to  theoretical  Loran-C  coverage,  ground  station  reliability, 
airborne  system  reliability  especially  in  low  signal -to-noise 
ratio  areas  and  in  precipitation  static  conditions,  grid  bias 
and  grid  warp  errors,  etc.  Operational  experience  in  many  types  of 
aircraft  and  in  many  operational  situations  is  necessary  before 
the  system  can  be  seriously  considered  as  the  primary  means  of 
operating  in  the  NAS. 

One  other  problem  area  associated  with  the  adoption  of  Loran-C 
as  the  U.S.  air  navigation  system  is  the  loss  of  compatibility 
with  theA internationa 1 standard  VOR/DME  system.  The  adoption 
of  Loran-C  as  an  international  standard  has  a very  low  probability 
since  it  is  unavailable  in  many  countries  that  recognize  the 
I.C.A.O.  standards.  Consequently,  the  U.S.  would  be  faced  with  the 
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alternative  of  either  supporting  Loran-C  for  domestic  use  and 
VOR/DME  for  international  operations  or  operating  in  the  unilateral 
mode  of  requiring  international  operators  to  adopt  the  U.S. 
system  and  thus  rebuff  the  I.C.A.O.  standards. 

In  summary,  the  Loran-C  system  has  many  attractive  technical 
features  to  recommend  it  for  use  in  air  navigation.  However, 
its  adoption  as  the  primary  navigation  system  for  the  CONUS, 

Offshore  and  Alaskan  areas  cannot  be  supported  at  this  time  for 
reasons  of  lack  of  operational  experience  and  international 
incompatibility.  In  addition,  the  centralization  of  navigation 
responsibility  at  a few  ground  station  sites  could  cause  major 
problems  in  air  traffic  control  during  times  of  station  outage. 

4.3.3  Loran-C  As  a Supplemental  Navigation  System 

In  terms  of  a supplemental  navigation  system,  Loran-C  should 
be  very  capable  of  CONUS,  Offshore  and  Alaskan  areas  provided 
additional  ground  station  coverage  is  provided  in  the  mid- continent , 
Caribbean  and  Alaskan  North  Slope  areas.  Most  of  the  objections 
to  Loran-C  as  a primary  system  disappear  when  the  system  is  put 
in  a supplemental  navigation  role.  As  long  as  an  alternate  mode 
of  navigation  is  available  should  a Loran-C  ground  station  fail, 
then  the  reliability  problem  is  greatly  diminished  in  importance. 

In  addition  as  a supplemental  navigation  system,  it  no  longer  would 
be  a problem  with  regard  to  maintaining  the  international  standard 
VOR/DME  system. 

The  one  area  that  remains  troublesome  however,  is  the  lack 
of  experience  relating  to  civil  aviation  operations.  Experience 
will  undoubtably  accompany  the  expanded  availability  of  the  system 
as  the  CCZ  transmitting  stations  become  operational  and  manufacturers 
develop  receivers  specifically  designed  for  the  civil  users. 

Loran-C  used  in  a supplemental  navigation  role  should  provide  an 
opportunity  to  obtain  this  experience  xvith  minimum  risk  to  both 
the  FAA  and  the  system  users. 

Specifically  the  major  advantages  to  be  gained  with  Loran-C 
as  a supplemental  navigation  system  relative  to  the  existing  VOR/DME 
system  are: 
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• Full  coverage  from  ground  level  to  all  flight  altitudes 
in  all  areas  of  CONUS,  Offshore  and  Alaska  provided 
expanded  coverage  is  available  in  the  mid- continent  areas 
(five  stations),  Caribbean  areas  (two  stations)  and 
Alaskan  areas  (one  station) . 

• High  repeatable  accuracy  (less  than  1/4  nm)  throughout 
the  primary  coverage  areas  of  the  system 

• Area  navigation  (RNAV.)  capability  throughout  the  entire 
coverage  area  of  the  Loran-C  system 

The  major  disadvantages  of  using  Loran-C  as  a supplemental 

navigation  include: 

* 

• Additional  cost  of  developing  procedures  and  facilities 
for  using  Loran-C  in  NAS 

"•  Potential  problem  areas  with  precipitation  static,  system 
reliability,  grid  bias  and  warpage  errors,  etc. 

• Unknown  capabilities  of  civil  use  Loran-C  receivers 

In  summary,  the  potential  benefits  of  Loran-C  in  all  areas  of 
CONUS,  Offshore  and  Alaska  appear  to  far  outwreigh  the  disadvantages 
which  are  largely  due  to  inexperience  at  the  present  time.  The 
potential  utility  of  the  Loran-C  system  in  the  NAS  is  high.  Whether 
this  potential  can  be  realized  may  only  be  determined  through 
experience  gained  in  the  operational  environment. 


81 


V.  OMEGA  SYSTEM  EVALUATION 


This  section  presents  an  evaluation  of  the  Omega  navigation 
system  as  it  relates  to  the  requirements  specified  in  Section  III. 
The  section  begins  with  a general  system  description,  including 
a discussion  of  Omega  signal  propagation  characteristics  and 
anomalies.  Next,  the  system  performance  characteristics  are  pre- 
sented as  they  relate  to  the  following  requirements:  coverage, 
accuracy,  operational  considerations,  capacity,  compatability, 
and  reliability/redundancy.  The  section  concludes  with  a discussion 
of  the  role  of  Omega  in  the  National  Airspace  System  and  factors 
for  its  implementation. 

5.1  SYSTEM  DESCRIPTION 


The  Omega  navigation  system  operates  at  VLF  in  the  frequency 
range  10.2  to  13.6  kHz;  world-wide  coverage  is  provided  by  eight 
stations  A to  H shown  in  Figure  5.1.  Trinidad  is  not  shown  since 
it  is  a temporary  station.  Each  station  transmits  four  frequen- 
cies, 10.2,  11.05,  11-1/3,  and  13.6  kHz  in  the  time  sequence 
shown  in  Figure  5.2.  The  complete  cycle  for  the  eight  stations 
takes  10  seconds.  In  addition,  each  station  will  transmit  on  a 
unique  frequency.  Hawaii  and  North  Dakota  are  already  transmit- 
ting their  unique  frequencies  of  11.8  and  13.1  kHz,  respectively. 
The  segments  of  the  time  sequence  bear  the  same  letter  designation 
as  the  station  which  transmits  10.2  kHz  in  that  segment.  This 
system  design  requires  accurate  clock  installation  only  at  the 
transmitters . 

The  receiver  identifies  the  broadcast  from  each  station  and 
compares  the  phases  of  the  received  signals.  The  signal  identi- 
fication can  be  accomplished  by  equipping  the  receiver  with  a 
commutator  which,  when  properly  set  initially,  can  identify  the 
unique  time-shared  pattern  of  the  Omega  transmissions.  Because 
the  broadcast  from  a particular  station  occurs  in  the  same  time 
slot  every  ten  seconds,  the  receiver  is  able  to  make  the  identifi- 
cation. The  relative  phase  measurement  is  performed  by  comparing 
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Figure  5.1  Eight  worldwide  stations  providing  all  weather  VLF  radio  navigation 
information  brings  Omega  within  the  reach  of  all  high  seas  users. 
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Figure  5.2  Omega  Signal  Transmission  Format 


each  signal  with  an  internal  reference  which  oscillates  at  the 
10.2  kHz  frequency.  The  phase  relationships  between  the  reference 
oscillator  and  the  temporally  unique  broadcasts  are  stored,  and 
later  the  characteristics  of  the  two  signal  transmisions  are 
compared.  Since  the  transmission  are  phase  synchronized,  the 
relative  phase  angle  of  a particular  pair  of  signals  that  is 
received  at  a fixed  location  is  a constant,  and  is  dependent  only 
on  how  much  further  it  is  to  one  of  the  transmitting  stations 
than  to  the  other.  The  same  phase  angle  difference  will  be 
observed  at  all  points  having  the  same  difference  in  distance  to 
the  two  stations. 


A hyperbola  is  defined  as  the  locus  of  all  points  whose 
difference  in  distance  from  two  foci  is  constant.  A measurement 
at  the  receiver  of  the  phase  difference  between  transmissions 
from  any  two  Omega  stations  yields  a family  of  hyperbolic  lines 
of  constant  phase  relationship  whose  foci  are  at  the  two  trans- 
mitting station  locations,  as  shown  in  Figure  5.3.  The  loci  of 
constant  phase  relationship  are  referred  to  as  lines  of  position 
(LOP).  An  observer  measuring  a given  phase  relationship  between 
two  signals  knows  that  he  is  located  on  a resultant  LOP.  If  the 
navigator  compares  the  received  phase  from  at  least  three  trans- 
mitting stations,  two  or  more  LOPs  can  be  determined  and  a fi 
realized.  Alternatively,  an  airborne  clock  can  be  synchronized 
to  the  transmitter  clocks,  yielding  circular  lines  of  position. 
Intersecting  LOPs  from  only  two  transmitters  now  define  a position 
fix.  This  mode  of  operation  is  referred  to  as  p/p  (rho/rho),  and 
requires  more  sophisticated  avionics. 

Given  that  the  Omega  receiver  is  initially  set  to  the  correct 
lane  at  the  beginning  of  travel  and  that  continuous,  correct  phase 
measurements  are  made  during  travel,  correct  position  will  be  known 
within  the  accuracy  of  the  Omega  system.  Therefore,  correct  initial 
ization  or  re- initialization  of  the  receiver  requires  that  position 
be  known  to  one  half  of  a lane  width.  The  hyperbolic  lane  width 
at  10.2  kHz  along  the  baseline  is  about  8 miles.  Clearly,  wider 
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Omega  Family  of  Hyperbolic  Contours 
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lanes  are  desirable.  Wider  lanes  can  be  achieved  by  the  combined 
use  of  the  additional  signals  as  illustrated  in  Figure  5.4.  A 
3.4  kHz  phase  measurement  is  used  to  resolve  the  10.2  kHz  phase 
position  to  point  A or  B.  A phase  measurement  at  1. 1-1/3  kHz 
resolves  the  3.4  kHz  ambiguity  to  point  A.  The  3.4  kHz  phase 
measurement  is  obtained  by  taking  the  difference  between  the  10.2 
kHz  and  13.6  kHz  phase  measurements.  Similarly,  the  difference 
between  the  10.2  kHz  and  11-1/3  kHz  phase  measurements  yields  a 
1. 1-1/3  kHz  phase  measurement.  The  hyperbolic  lane  widths  along 
the  baseline  for  3.4  kHz  and  1. 1-1/3  kHz  are  24  and  72  miles, 
respectively.  Wider  lanes  can  be  achieved  in  a similar  manner. 

The  long-range  propagation  of  VLF  waves  is  most  easily 
understood  mathematically  by  regarding  the  ground  and  ionosphere 
as  walls  of  a waveguide,  and  considering  the  excitation  and 
attenuation  of  the  various  possible  propagation  modes.  When  con- 
sidering Omega  phase  stability,  one  of  the  most  important  para- 
meters is  the  height  of  the  ionosphere.  The  ionospheric  layer 
acts  as  a moving  boundary  for  the  waveguide.  This  motion  pro- 
duces changes  in  the  phase  velocity  of  the  Omega  transmissions, 
and  the  degree  to  which  these  variations  can  be  predicted  is 
a prime  determinant  of  the  accuracy  of  the  system.  The  height 
of  the  ionosphere  varies  with  the  time  of  day,  the  season,  and 
with  any  disturbances  in  solar  conditions.  Some  of  the  variations 
are  predictable;  some  are  not. 

The  largest  regular  variation  in  the  phase  of  the  Omega 
signals  is  related  to  daily  changes  in  the  ionosphere  (diurnal 
variations)  . These  changes  are  a function  of  the  solar  zenith 
angle  along  the  propagation  path.  As  the  sun  reaches  a higher 
angle,  the  degree  of  ionization  of  the  particles  in  the  ionosphere 
increases,  and  this  lowers  the  effective  height  of  the  upper 
surface  of  the  waveguide.  As  the  reflecting  surface  is  lowered, 
the  phase  velocity  of  the  signals  increases,  and  there  will  be 
a dilation  in  the  spacing  of  the  resultant  lines  of  position. 
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In  addition  to  the  diurnal  effect  there  are  smaller  regular 
changes  resulting  from  solar  zenith  angle  variations.  They 
fluctuate  with  the  season  of  the  year  and  the  latitude  of  the 
receiver  position.  All  the  effects  of  ionospheric  variation  due 
! to  changes  in  solar  zenith  angle  can  be  predicted  quite  accurately. 

Numerous  methods  have  been  developed  to  forecast  these  changes  and 
present  the  information  to  the  user  in  the  form  of  propagation 
corrections  (PPCs). 

The  regular  fluctuation  of  observed  signal  phase  does  not 
pose  a significant  problem  to  Omega  users.  There  are,  however, 
large  unpredictable  variations  that  can  cause  trouble,  as 
exemplified  by  the  discussion  of  sudden  phase  anomalies. 

Two  other  effects  common  to  the  Omega  navigation  system 
are  the  following.  First  of  all,  modal  interference  is  found 
to  be  significant  to  the  west  of  a station,  located  near  the 
geomagnetic  equator.  Therefore,  in  this  region  the  usability  of 
Omega  signals  degrades.  An  example  of  this  is  reception  of 
station  B (Liberia)  over  CONUS.  Secondly,  the  poor  conductivity 
of  the  ice  on  Greenland  creates  shadowing  of  the  Norway  station 
(A)  over  CONUS. 

There  are  two  common  types  of  sudden  phase  anomalies.  The 
first,  which  is  known  as  sudden  ionospheric  disturbance  (SID), 
occurs  as  a result  of  X-ray  radiation  emitted  from  the  sun 
during  solaf  flare  activity.  This  radiation  increases  the 
ionization  of  the  D-layer  of  the  ionosphere.  This  lowers  the 
effective  height  of  the  upper  boundary  of  the  waveguide  and 
B causes  a sharp  phase  advance  along  the  sunlit  paths.  Recovery 

from  this  type  disturbance  usually  takes  from  one-half  to  three 
hours.  During  periods  of  high  solar  activity  this  disturbance 
can  occur  a number  of  times  each  day.  Alternatively,  during 
periods  of  relative  quiet  in  the  sunspot  cycle,  they  will  occur 
. very  infrequently.  The  year  1968,  which  was  a period  of  maximum 

solar  activity  for  the  present  sunspot  cycle,  produced  sudden 
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ionospheric  disturbances  3.6%  of  the  time.  It  should  be  noted 
that  the  two  largest  disturbances  induced  maximum  phase  changes 
of  70  microseconds,  and  only  0.3%  of  the  time  exhibited  a phase 
change  in  excess  of  20  microseconds  [34].  1981  will  be  a peak 

year  for  these  occurrences  and,  hence,  will  be  indicative  of  the 
worst  case.  Potential  corrections  to  minimize  the  impact  of  these 
occurences  are  differential  Omega  or  satellite  warnings. 

The  second  sudden  phase  anomaly  is  called  polar  cap  absorp- 
tion (PCA) . It  is  the  result  of  solar  protons  entering  the  mag- 
netosphere around  the  earth  and  being  guided  to  the  geomagnetic 
poles.  Figure  5.5  shows  the  PCA  region  for  the  Northern  hemisphere. 
This  lowers  the  effective  height  of  the  ionosphere  in  the  auroral 
zone  by  approximately  ten  kilometers.  There  is  a resultant 
decrease  in  phase  delay,  and  it,  too,  must  be  interpreted  in  terms 
of  line  of  position  variations.  The  accuracy  of  the  Omega  navi- 
gation system  is  primarily  determined  by  the  degree  to  which 
regular  phase  changes  can  be  predicted  and  the  degree  to  which 
irregular  phase  changes  can  be  accommodated. 
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Figure  5.5  Polar  Cap  Absorption  (PCA)  Region  for 
Northern  Hemisphere 


5.2  PERFORMANCE  CHARACTERISTICS 


This  section  presents  a description  of  Omega  performance 
characteristics  and  an  assessment  of  the  degree  to  which  these 
characteristics  meet  the  system  requirements  presented  in 
Section  III. 

5.2.1  Coverage 

One  of  the  primary  attributes  of  the  Omega  navigation  system 
is  the  large  coverage  (global)  provided  by  only  eight  transmitting 
stations.  As  indicated  above,  however,  the  transmitted  signal 
is  susceptible  to  various  propagation  anomalies.  Based  on  known 
propagation  and  noise  characteristics  it  is  possible  to  predict 
the  coverage  available  from  each  station  for  various  dates  and 
times  of  day  as  they  affect  signal  availability  at  various  points 
on  the  globe.  The  most  optimistic  prediction  occurs  midwinter 
at  midnight  and  the  most  pessimistic  occurs  midsummer  at  noon. 

Figures  5.6  through  5.9  are  coverage  predictions  for  CONUS, 
offshore  and  Alaska  based  on  the  following  criteria:  [ 35  j 

(1)  Areas  likely  to  be  affected  by  near-field  phenomena 
(that  is,  areas  close  to  transmitting  stations)  are 
rejected. 

(2)  Areas  likely  to  be  affected  by  modal  interference 
phenomena  are  rejected. 

(3)  Areas  with  signal  to  noise  ratios  less  than  -20dB 
(based  on  atmospheric  noise  models)  are  rejected. 

In  criterion  (1),  the  near  field  phenomena  is  assumed  to  negate 
signal  usability  within  300  nmi  of  the  station.  The  CONUS  and 
offshore  coverage  predictions  are  presented  in  Figures  5.6  and  5.7. 
Figure  5.6  represents  the  midsummer  noon  case,  which  is  the  most 
pessimistic.  Note  that  for  a large  portion  of  CONUS  only  stations 
C and  D (Hawaii  and  North  Dakota)  provide  coverage.  Also  for  a 
large  portion  of  the  near- field  region  associated  with  North 
Dakota,  only  Hawaii  (C)  provides  coverage. 
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figure  5.6  Omega  Coverage  Prediction  for  CONUS  and 
CONUS  Off-shore  at  Noon  Midsummer 


The  Gulf  of  Mexico  offshore  region  has  partial  coverage 
by  three  stations,  as  the  coverage  prediction  curve  for 
Argentina  (F)  lies  in  the  vicinity  of  the  coast.  The  off-shore 
region  on  the  eastern  seaboard  has  adequate  coverage  provided 
by  Norway  (A),  Liberia  (B) , Hawaii  (C)  and  North  Dakota  (D).* 

The  optimistic  prediction  for  CONUS  and  CONUS  off-shore,  midwinter 
at  midnite , is  shown  in  Figure  5.7.  The  coverage  provided 
by  Japan  (H)  has  expanded  from  approximatly  longitude  100°W  to 
approximately  longitude  76°W.  Also,  Argentina  (F)  and  Australia 
(G)  have  expanded  coverage  to  include  virtually  all  of  CONUS. 

The  pessimistic  and  optimistic  coverage  predictions  for  Alaska 
are  shown  in  Figures  5.8  and  5.9  respectively.  These  figures 
indicate  that  the  Omega  navigation  system  provides  extensive 
coverage  for  both  Alaska  and  Alaska  off-shore. 

The  predictions  for  CONUS  and  off-shore  indicate  inadequacies 
in  the  ability  of  Omega  to  meet  the  requirements  of  Section  III. 
Specifically,  the  CONUS  enroute  coverage  requirement  calls  for 
total  coverage.  In  the  hyperbolic  mode,  the  pessimistic  coverage 
prediction  (Figure  5.6)  leaves  a large  portion  of  CONUS  and  CONUS 
off-shore  without  signal  availability.  Introduction  of  the  p/p 
mode  improves  the  coverage  considerably.  However,  in  the  North 
Dakota  transmitter  near  field  region,  coverage  is  provided  only 
by  a single  station.  The  terminal  and  non-precision  approach 
requirements  for  CONUS  are  also  not  met  during  the  noon-midsummer 
time  periods.  Notably,  Chicago  (ORD) , one  of  the  busiest  terminal 
areas,  is  in  the  region  of  questionable  coverage.  This  is  also 
true  of  other  terminal  areas. 

The  Alaska  coverage  requirements  are  more  than  adequately  met 
by  the  Omega  navigation  system.  This  is  true  for  the  enroute, 
terminal  and  non-precision  approach  flight  phases  in  Alaska.  One 
of  the  prime  benefits  of  using  Omega  in  Alaska  is  that  the  rugged 
remote  regions  receive  navigation  coverage. 

* Trinidad  is  not  included  in  these  plots  since  it  is  a temporary 
station  and  will  be  discontinued  on  or  before  Australia  begins 
transmitting. 
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Figure  5.8  Omega  Coverage  Prediction  for  Alaska  and  Alaska 
Off-Shore  at  Noon  Midsummer 
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Figure  5.9  Omega  Coverage  Prediction  for  Alaska  and  Alaska 
Off-Shore  at  Midnight  Midwinter 
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S. 2. 2 Accuracy 


It  is  possible  to  estimate  the  achievable  accuracies  for 
Omega  navigation  based  on  computations  that  consider  the  relative 
geometry  of  the  receiver  and  the  transmitters.  These  computations 
will  differ  for  hyperbolic  and  p/p  operating  modes.  The  results 
of  this  accuracy  analysis  are  presented  separately  for  CONUS, 

CONUS  off-shore  and  Alaska. 

5. 2. 2.1  Accuracy:  CONUS  and  CONUS  Off-shore.  The  accuracy 
requirements  for  CONUS  and  CONUS  off-shore  are  presented  separately 
for  the  hyperbolic  and  p/p  modes  of  operation. 

(1)  Hyperbolic  (Phase  Difference) . Since  the  relative 
orientation  and  the  spacing  of  LOP's  has  a direct  bearing  on  the 
achievable  accuracies,  it  is  of  initial  interest  to  perform  an 
examination  of  the  various  LOP's  associated  with  the  Omega  stations 
providing  coverage.  Figure  5.10  shows  the  LOP's  for  the  pessi- 
mistic coverage  prediction  for  CONUS  and  CONUS  off-shore.  The 
LOP  plots  are  equiphase  contours  representing  twenty-one  ( 21) 
hyperbolic  lanes  at  10.2  kHz.  The  most  favorable  LOP  crossing 
angle  is  90°  with  the  least  favorable  being  \\rhen  the  LOP's 
become  parallel.  Furtheimore,  the  achievable  accuracy  degrades 
as  the  LOP  spacings  increase.  This  phenomena  can  be  observed 
by  noting  that  although  three  stations  provide  coverage  in  the 
region  labelled  BCD,  the  LOPs  for  BC  and  BD  are  nearly  parallel  as 
shown  in  Figure  5.10c.  The  LOPs  for  CD  in  this  region  appear  along 
the  extended  base  for  stations  C and  D and,  hence,  DC  is  unstable. 
This  implies  that  from  75°W  to  100°W  the  Omega  system  is  essentially 
unusable  because  of  accuracy  considerations. 

This  is  more  easily  envisioned  by  computing  the  achievable 
accuracies,  using  the  Omega  system,  at  various  points  in  CONUS 
and  CONUS  off-shore.  Using  a technique  suggested  by  Clark  [ 36  ] 

for  the  determination  of  the  ellipse  of  uncertainty  for  hyperbolic 
navigation  systems,  the  expected  error  is  computed  for  various 
latitude  and  longitude  grid  points. 
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Associated  with  the  measurement  of  LOP's  is  a certain 
error  due  to  transmitter,  propagation  and  receiver  noise.  This 
error  translates  into  an  ellipse  of  uncertainty  whose  charac- 
teristics are  dependent  on  the  manner  in  which  the  LOP's  combine 
to  provide  a position  estimate.  Figure  5.11  indicates  two 
potential  LOP  crossing  angles  and  the  associated  ellipsoid  of 
uncertainty.  Consider  that  the  LOP's  are  subject  to  a measure- 
ment error  given  by  + d.  For  the  90°  crossing  angle  the  ellip- 
soid appears  as  a circle  with  radius  d centered  at  the  nominal 
LOP  crossing.  The  40°  crossing  angle  gives  rise  to  an  ellipse 
with  a semi-major  axis.  A,  of  2. lid,  and  a semi-minor  axis,  B, 
of  .75d.  The  semi-major  axis  is  oriented  at  an  angle,  0,  of 
60°  with  respect  to  north. 

This  technique  was  applied  over  all  of  CONUS  and  CONUS  off- 
shore. A literature  search  was  performed  to  determine  the  LOP 
measurement  error,  d,  in  an  attempt  to  quantify  the  Omega  accur- 
acies in  terms  of  nautical  miles.  A report  by  Swanson  [ 57  ] 

indicates  for  a signal-to-noise  ratio  of  -18dB  that  the  expected 
Omega  LOP  measurement  error  is  on  the  order  of  1 nmi  for  airborne 
applications.  This  corresponds  to  a one  sigma  value.  The  1 nmi 
value  corresponds  to  the  parameter  d in  the  above  discussion. 

The  data  base  generated  for  the  Omega  accuracy  analysis  over 
all  of  CONUS  and  CONUS  off-shore  is  very  extensive.  In  essence 
the  accuracy  is  computed  for  several  potential  LOP  combinations 
at  various  specific  geographic  locations.  Due  to  the  size  of  the  . 
data  base  it  is  included  in  its  entirety  in  Appendix  B with  only 
summary  comments  made  here.  For  the  pessimistic  coverage  case 
the  western  CONUS  region  has  navigation  coverage  provided  by 
Omega  stations  C,D  and  H.  Only  in  the  northern  half  of  this 
region  (above  40°N)  is  the  accuracy  less  than  2 nmi  (la)  (Table 
B.15,  Appendix  B,  Vol.  III).  This  can  be  expected  since  the  LOP 
crossing  angles  are  degrading  from  the  favorable  90°  value  in  the 
southern  half  of  this  region.  The  impact  of  unfavorable  LOP 
crossing  angles  is  further  evidenced  in  the  CONUS  Great  Lakes  region 
where  reception  is  available  from  stations  BCD.  In  this  region 


(see  Figure  5.10c),  which  coincides  with  the  extended  baseline 
for  stations  C and  D,  the  LOPs  are  observed  to  be  essentially 
parallel.  The  resultant  degraded  accuracy  is  observed  in  the 
quantities  associated  with  latitude  45°N  and  longitudes  85°W 
and  75°W  as  presented  in  Table  B.l,  Appendix  B,  Vol.  III.  In 
the  offshore  region  of  the  Gulf  of  Mexico,  where  reception  of 
station  F is  possible,  the  LOP  crossings  are  favorable.  This  is 
reflected  in  that  the  achievable  accuracies  are  on  the  order  of 
1.3  nmi  to  1.4  nmi  (la)  (Table  B.l). 

On  the  Atlantic  sea-coast,  reception  from  four  Omega  stations 
is  available.  As  can  be  observed  in  Figure  5.10,  the  LOP  crossings 
angles  appear  favorable.  With  all  four  stations  transmitting,  the 
uncertainty  ellipse  displays  favorable  characteristics  at  latitude 
40°N  and  longitude  75°W.  Of  further  interest  is  an  examination 
of  the  error  characteristics  as  signal  reception  is  lost  for  various 
Omega  stations.  Loss  of  station  A (Norway)  or  B (Liberia)  has  a 
significant  impact  on  the  Omega  accuracy.  However,  loss  of  C (Hawaii) 
or  D (North  Dakota)  does  not  significantly  impact  the  achievable 
accuracy . 

The  LOP's  for  the  optimistic  coverage  prediction  are  shown 
on  three  separate  figures  in  an  attempt  to  avoid  confusion  by 
placing  them  on  a single  plot.  The  LOP's  corresponding  to  C and  D 
are  indicated  on  each  of  the  three  figures  as  a point  of  reference. 
Figure  5.12  shows  the  LOP's  corresponding  to  C and  D,  D and  F,  D 
and  G,  and  D and  H.  Figure  5.13  shows  CD,  CF  and  CH  whereas, 

Figure  5.14  shows  CD,  FG,  FH  and  GH.  The  LOP's  corresponding  to 
C and  G are  not  shown  since  CONUS  essentially  lies  on  the  extended 
base. 

The  Omega  accuracies  for  the  optimistic  coverage  case  are  also 
computed  using  the  techniques  described  by  Clark  [36  ] . Of 
interest  now  is  the  impact  of  station  outages  on  the  predicted 
accuracies.  Loss  of  single  station  outages,  taken  sequentially, 
is  presented  in  Appendix  B,  Vol. 'III.  The  impact  of  single  station 
outage  does  not  appear  significant  except  in  the  case  of  the  loss  of  F 
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Figure  5.12  CONUS  Omega  LOP' 
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Figure  5.13  CONUS  Omega  LOP's  CD,  CF , and  CM 


'ONUS  Omega  I. OP 


(Argentina).  Examination  of  the  LOP  plots  shows  that  LOP's  made 
in  conjunction  with  F form  favorable  crossing  angles.  Hence, 
loss  of  F leaves  LOP's  with  degraded  crossing  angles. 

Appendix  B also  shows  the  expected  accuracies  in  the  event 
of  the  loss  of  two  stations  simultaneously.  The  loss  of  two 
stations  is  significant  except  in  the  simultaneous  loss  of  C and 
D,  D and  G,  or  G and  H. 

(2)  p/p  Mode.  Since  a significant  portion  of  CONUS  and 
CONUS  off-shore  has  reception  from  only  two  Omega  stations,  accord- 
ing to  the  pessimistic  coverage  prediction,  it  is  desirable  to 
examine  the  feasibility  of  using  Omega  in  the  p/p  navigation  mode. 

As  indicated  previously,  this  requires  an  accurate  onboard  clock 
to  measure  time  of  arrival  from  individual  Omega  stations.  The 
LOP's  in  the  p/p  mode  appear  as  equally  spaced  concentric  circles 
about  the  stations.  The  primary  geometric  effect  on  achievable 
accuracies  is  the  LOP  crossing  angle.  Expected  accuracies  are 
computed  using  all  combinations  of  Omega  stations  in  the  p/p  mode 
for  both  the  pessimistic  and  optimistic  coverage  predictions. 

Since  an  onboard  clock  is  utilized  and  additional  information 
is  available  the  achievable  accuracies  display  an  improvement. 

A tradeoff  exists  between  using  an  onboard  clock  to  fully  utilize 
Omega  over  CONUS  or  using  other  techniques.  In  the  pessimistic 
coverage  situation,  however,  total  p/p  coverage  is  not  available 
and  along  the  extended  base  of  C and  D the  Omega  accuracies, 
in  this  mode,  degrade  significantly. 

The  accuracies  for  the  p/p  navigation  mode  using  all  combina- 
tions of  Omega  stations,  when  two,  three,  four  or  five  are  available, 
are  also  presented  in  Appendix  B,  Vol.  III.  Comparison  of  these  p/p 
accuracies  with  the  hyperbolic  accuracies  indicate  that  in  almost  all 
cases  the  accuracy  is  improved  for  the  p/p  mode  as  opposed  to  the 
hyperbolic  mode. 
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5.2 .2.2  Alaska  and  Alaska  Off-Shore.  Not  only  does  the  Omega 
navigation  system  provide  excellent  coverage  in  Alaska,  as  shown 
previously  in  Figures  5.S  and  5.9,  but  the  LOP  crossings  tend 
to  be  quite  favorable.  This  is  shown,  for  example,  in  Figure  5.15 
where  the  AC  and  DH  LOP's  are  plotted.  These  LOP's  can  be 
observed  to  be  essentially  perpendicular  to  one  another.  This 
favorable  geometry  is  reflected  in  the  computation  of  the  expected 
accuracies . 

The  expected  accuracies  for  the  pessimistic  coverage  predic- 
tion for  Alaska  and  Alaska  Off-shore  are  presented  in  Appendix  B. 

A similar  analysis  as  for  CON'US  is  performed  in  that  the  accuracies 
are  computed  for  various  station  outages.  For  single  station 
outages  the  degradation  in  the  accuracies  is  observed  to  be  insigni- 
ficant Cless  than  2 nmil  everywhere  except  for  the  loss  of  A and  E, 

A and  H,  C and  E,  D and  F,  and  E and  H.  In  the  last  case  error 
magnitudes  greater  than  2 nmi  appear  only  in  the  Bering  Sea. 

Accuracies  for  all  stations  available  in  the  optimistic  prediction 
are  also  presented  in  Appendix  B. 

S.2.2.5  Summary ■ The  accuracy  assessment  discussed  here  considers  onl 
the  contribution  from  the  LOP  spacings  and  crossing  angles  given  a 
phase  measurement  error  of  1 nmi  ( 1 ~ . With  these  accuracy  values 
it  is  possible  to  determine  regions  where  the  accuracy  exceeds 
the  requirement  threshold  due  to  poor  LOP  geometries.  For  example, 
in  the  pessimistic  coverage  case,  a particular  region  displays 
degraded  achievable  accuracies  since  the  LOPs  defined  by  three 
transmitters  are  nearly  parallel.  It  is  also  of  interest  to  note 
that  although  the  -/-  mode  generally  alleviates  the  lack  of  Omega 
coverage  over  CONUS,  significant  errors  can  and  do  arise  because 
of  adverse  geometries.  For  example,  along  the  base  and  extended 
base  of  stations  C (Hawaii)  and  D (North  Dakota)  the  expected  accur- 
acies approach  50  nmi,  as  shown  in  Table  B.1S,  Appendix  B,  Vol.  III. 
These  stations  are  the  only  ones  providing  coverage  over  a signifi- 
cant portion  of  CONUS  for  the  pessimistic  predictions. 
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The  theoretical  accuracy  values  obtained  in  this  study  are 
consistent  with  published  test  results.  Several  documents  [58, 
59,40,41]  indicate  that,  in  general,  the  expected  Omega  accuracies 
are  on  the  order  of  1 to  2 nmi  where  good  signal  coverage  and 
LOP  geometry  are  available.  However,  a comprehensive 
accuracy  data  base  for  the  current  Omega  configuration  does 
not  exist  for  all  of  CONUS  and  Alaska.  Verification  of  all 
the  accuracy  values  obtained  in  this  study  would  require  consider- 
ably more  test  data  collection  than  is  currently  available. 

Because  of  the  adverse  geometry  situations,  for  both  the 
hyperbolic  and  p/p  modes,  it  is  possible  to  conclude  that  the 
accuracy  requirements  are  not  met  for  CONUS  and  CONUS  Off-shore. 

For  Alaska  and  Alaska  Off-shore,  the  accuracy  does  not  significantly 
degrade  due  to  geometric  effects.  Except  for  certain  station 
outage  situations  the  accuracy  requirement  is  met  in  Alaska  and 
Alaska  Off-shore  in  all  flight  regions  except  non-precision 
approach  and  high  density  terminal  areas. 

A factor  that  must  be  considered  in  a discussion  of  Omega 
accuracy  is  the  role  of  PPC's.  The  accuracy  figure  of  1 nmi 
assumes  that  PPC's  are  available.  In  the  absence  of  PPC's,  the 
achievable  accuracies  can  be  significantly  larger.  Since  the 
accuracy  figure  is  a multiplier  which  determines  the  magnitude 
of  the  resulting  error  ellipse  it  is  conceivable  that  the  accuracy 
requirement  could  not  be  met.  The  impact  for  the  requirement  of 
PPC  capability  is  increased  avionics  cost.  Low  cost  avionics 
may  be  manufactured  that  do  not  have  some  form  of  PPC  capability, 
however,  at  the  expense  of  not  achieving  adequate  accuracy  to 
meet  the  requirements. 

5.2.3  Operational  Considerations 

Several  operational  factors  peculiar  to  the  Omega  navigation 
system  and  not  itemized  in  the  navigation  requirements  of  Sec- 
tion III  must  be  considered.  These  relate  primarily  to  the  avionics 
capability  and  thus  impact  the  cost  to  the  user.  One  of  the 
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factors  that  has  already  been  discussed  in  the  previous  section 
is  the  requirement  for  the  capability  to  apply  PPC's  to  the 
Omega  phase  measurements.  Another  factor  is  that  some  low  cost 
avionics  may  have  the  capability  to  receive  only  one  frequency 
such  as  10.2  kHz.  Reception  of  only  one  frequency  can  potentially 
degrade  the  performance  of  the  airborne  navigation  system  such 
that  the  navigation  requirements  cannot  be  met.  In  addition, 
the  capability  to  receive  more  than  one  frequency  provides,  in 
essence,  system  redundancy  in  that  if  one  particular  frequency 
is  not  available  the  other  two  frequencies  would  remain  available 
to  perform  the  navigation  function.  The  tivo  factors  discussed 
here  must  be  taken  into  consideration  in  the  avionics  design. 

The  remainder  of  this  section  presents  other  operational  consider- 
ations as  they  relate  to  the  navigation  requirements. 

5. 2. 3.1  Flexibility . One  of  the  inherent  attributes  of  the  Omega 
system  is  that  it  operates  in  an  area  navigation  mode  as  opposed 
to  requiring  flight  operations  from  station  to  station.  In  theory, 
Omega  also  provides  global  coverage,  hence,  providing  navigation 
between  any  two  fixes  whether  or  not  they  are  charted.  Therefore, 
the  capability  to  specify  any  route  (and  hence  meet  the  flexibility 
requirements  of  Section  3.4.1)  is  available  as  an  integral  part,  of 
the  Omega  navigation  system.  Full  advantage  of  this  flexibility 
can  be  taken  through  appropriate  avionics  design.  Specifically, 
area  navigation  (RNAV)  type  software  must  be  available  onboard 

the  aircraft  to  allow  execution  of  flights  along  RNAV  routes. 

In  addition,  flight  check  service  must  be  provided  in  areas  of 
interest  to  ensure  the  availability  and  usability  of  Omega  signals 
for  IFR  navigation  purposes. 

5. 2. 3. 2 Position  Presentation.  Although  Omega-derived  position 

is  most  naturally  displayed  in  terms  of  LOP's,  appropriate  software 
can  be  added  to  satisfy  the  position  presentation  requirement 
(Section  3.4.2).  The  additional  software  is  necessary  to  convert  . 
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LOP  fixes  to  latitude  and  longitude,  and  subsequently  to  calculate 
deviations  from  the  prescribed  course.  (See  also  the  corresponding 
section  for  Loran-C,  Section  4. 2. 3. 2). 

5. 2. 3. 3 Common  Input  Format,  Pilot  Workload,  and  Failure  Alerts. 
These  three  requirement  subcategories  relate  to  the  aircraft 
avionics  design.  The  actual  design  is  dependent  upon  the  indivi- 
dual manufacturers.  However,  due  to  the  competitive  nature  of  hard- 
ware marketing,  an  attempt  will  be  made  by  the  manufacturers  to 
cause  their  avionics  design  to  be  consistent  with  the  requirements. 


5. 2. 3. 4 Position  Ambiguity  Resolution.  In  the  Omega  navigation 
system,  the  relative  phase  between  any  pair  of  transmitters  does 
not  define  a unique  LOP,  but  a family  of  LOPs.  Figure  5.3 
indicates  the  family  of  LOP's  for  the  station  pair  A-B.  The  phase 
space  is  divided  into  lanes  which  are  bound  by  the  cross-over 
points  of  the  two  signals  representing  the  zero  phase-difference 
contours  of  the  pair.  The  lane  width  is  dependent  on  the  frequency 
of  the  transmitted  signal  and  the  subtended  angle  between  the 
transmitters  as  measured  at  the  receiver.  For  Omega  to  function 
properly,  it  is  necessary  that  the  lane  ambiguity  be  resolved. 

This  requires  the  process  of  selecting  the  appropriate  lane  within 
which  the  receiver  lies. 

Several  techniques  can  be  applied  to  resolve  the  lane  ambiguity, 
and  hence  to  meet  the  position  resolution  requirement  of  Section 
3.4.7.  First,  given  appropriate  initialization  parameters  it  is 
possible  to  determine  the  appropriate  lane  through  a counting 
process.  For  the  10.2  kHz  frequency  the  lane  width  is  on  the  order 
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of  3 nni  and  for  13.6  kHz  the  lane  width  is  approximately  6 nni . 

For  maneuvering  aircraft  it  is  clear  that  the  potential  exists  for 
losing  the  lane  count.  Lane  ambiguity  can  be  reduced  by  lower 
frequency  signals,  thereby  increasing  the  lane  width.  A technique 
that  will  produce  this  feature  is  frequency-differencing  between  the 
13.6  kHz  and  10.2  kHz  signals.  If  the  phase  synchronization 
between  all  the  signals  is  adjusted  so  that  an  LOP  of  the  13.6  kHz 
signal  coincides  with  an  LOP  of  the  10.2  kHz  signal,  a wave 
pattern  is  obtained  in  which  every  third  LOP  of  the  lower  frequency 
concides  with  every  fourth  LOP  of  the  upper  one.  The  coincidental 
LOP's  define  a pattern  of  broader  lanes  extending  over  three  lanes 
of  the  10.2  kHz  pattern,  or  24  nmi . This  corresponds  to  an  apparent 
transmitter  frequency  of  3.4  kHz.  Figure  5.14  depicts  this  tech- 
nique schematically. 

Further  expansion  of  the  lane  width  can  be  achieved  through 
further  application  of  the  frequency  differencing  technique.  As 
indicated  previously,  Omega  signals  are  transmitted  at  the  three 
frequencies,  10.2  kHz,  11-1/3  kHz  and  13.6  kHz.  Differencing 
techniques  between  these  frequencies  yield  potential  lane  widths 
of  72  nmi. 

The  lane  counting  technique  described  above  is  subject  to 
lane  slippage.  This  is  particularly  true  of  the  smaller  lane  widths. 
This  problem  can  be  alleviated,  to  a great  extent  through  the  use 
of  dead  reckoning  equipment  such  as  air  data,  doppler  or  IN'S.  In 
this  manner  the  dead- reckoning  system  will  retain  a position 
estimate  in  the  event  of  signal  loss  due  to  a sudden  phase  anomaly 
or  other  disturbance. 

5. 2. 3. 5 System  Activation  and  Position  Fix  Update  Rate.  The  system 
acquisition  factors  discussed  in  Section  4. 2. 3. 5 for  the  Loran-C 
system  also  apply  here  for  the  Omega  navigation  system.  The  Minimum 
Operational  Standards  and  Minimum  Performance  Standards  [42]  specifv 
that  the  synchronization  time  for  the  Omega  system  be  three  3l 
minutes  at  a S/S  of  one  station/three  frequencies  of  at  least 
0 d3 . Although  this  acquisition  time  for  Omega  is  less  than 
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that  of  Loran-C  it  fails  to  meet  the  system  acquisition  time 
requirements  specified  in  Section  5.4.8.  With  additional  avionics 
sophistication,  it  may  be  possible  to  meet  the  requirements.  The 
increased  avionics  sophistication  translates  into  higher  user  system 
costs  which  are  not  addressed  here. 

The  commutation  cycle  of  the  Omega  system  is  10  seconds.  This 
represents  the  minimum  time  interval  between  position  fix  updates. 
However,  various  receivers  combine  the  Omega  measurements  in  differ- 
ent ways  which  can  potentially  reduce  the  update  time  interval. 
Consider,  for  example,  stations  A,  C and  G forming  LOPs  AC  and  CG. 

At  a frequency  of  10.2  kHz  LOP  AC  can  be  formed  3.4  sec.  into  the 
commutation  cycle  and  LOP  CG  can  be  formed  8.6  sec.  into  the  cycle. 
Therefore,  using  AC  and  CG  a position  fix  is  obtained  8.6  sec.  into  the 
cycle.  Using  CG  and  AC  of  the  next  cycle,  the  position  fix  is 
obtainable  3.4  sec.  into  the  next  cycle.  The  intervals  between 
position  fixes  are  5.2  and  4.8  sec.,  respectively.  As  more  LOPs 
are  available  the  update  interval  is  reduced  even  further. 

An  additional  consideration  is  the  potential  availability  of 
some  form  of  dead  reckoning  or  rate  aiding.  This  capability  implies 
that  not  all  navigation  information  is  lost  between  updates.  There- 
fore, the  position  fix  updating  characteristic  of  Omega  is  not 
equivalent  to  a total  navigation  signal  loss.  Furthermore,  the 
maximum  expected  update  interval  of  10  sec.  is  within  the  reacquisi- 
tion times  specified  in  Section  III. 

5.2.4  Re liability /Redundancy 

The  question  of  Omega  reliability  and  redundancy  is  of 
considerable  concern  because  of  the  extensive  coverage  provided 
by  a single  transmitter.  Hence,  outage  of  a transmitter  can 
have  a severe  impact  on  navigation  operations  in  the  NAS.  Since 
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the  Omega  navigation  system  is  not  fully  operational  as  yet  it 
is  difficult  to  ascertain  what  the  reliability  of  the  overall 
system  will  be.  Some  data  does  exist  in  the  form  of  percent 
monthly  transmitting  time.  Table  5.1  and  5.2  show  these  quantities 
for  1974  and  1975  respectively.  These  represent  conditions  prior 
to  full  operational  status,  hence j it  is  conceivable  that  an 
improvement  in  these  values  can  be  expected. 

Since  Omega  provides  adequate  coverage  only  in  the  Alaska 
region  (of  the  regions  of  interest)  the  values  in  Table  5.2  are 
used  to  estimate  the  impact  of  Omega  reliability  in  Alaska.  In 
the  pessimistic  coverage  case  (Figure  5.8)  only  station  E is  not 
represented  in  Table  5.  The  yearly  average  figures  are,  therefore, 
averaged  over  the  five  stations  to  have  a transmission  probability, 
taking  into  account  only  unscheduled  outages,  of  0.9992.  Applying 
this  value  in  the  determination  of  the  probability  of  station 
outages  the  values  of  3.98  x 10  ^ for  single  station  outage, 

6.38  x 10  6 for  outage  of  two  stations  simultaneously  and  5.112  x 10 
for  outage  of  three  stations  simultaneously  are  obtained.  Single 
station  outage  is  critical  for  the  southeastern  panhandle  where 
only  three  stations  are  available.  For  the  remainder  of  Alaska, 
there  is  adequate  redundancy  in  coverage  such  that  reliability 
would  not  appear  to  be  a problem. 

The  preceding  discussion  was  concerned  with  unscheduled  outages 
of  the  transmitter  only.  SID's  and  PCA's  have  a more  significant 
impact  in  that  they  can  affect  the  signal  reliability  from  all 
available  stations  at  once.  Insufficient  data  exists  at  this  time 
to  make  an  evaluation  of  the  impact  of  ionospheric  disturbances 
on  overall  Omega  system  reliability. 
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Table  5.2 

Omega  \ Monthly  Transmitting  Time  1975 


5.3  OMEGA  IN  THE  NATIONAL  AIRSPACE  SYSTEM 


The  Omega  system  was  originally  intended  to  provide  navigation 
support  to  meet  U.S.  Navy  ship  and  submarine  requirements.  This 
may  have  contributed  to  a system  design  which  does  not  provide 
adequate  coverage  and  achievable  accuracies  over  CONUS.  To  meet  the 
civil  aviation  requirements  with  regard  to  coverage  and  accuracy 
requires  a reconfiguration  of  the  system  or  supplementing  the 
current  system  with  additional  transmitters  or  VLF  communications 
(see  Vol.  Ill)  stations.  On  a stand-alone  basis,  the  Omega  system 
is  inadequate  as  either  a primary  or  supplementary  navigation  system 
over  CONUS.  In  Alaska  and  Alaska  offshore,  the  Omega  system  is 
satisfactory  as  a VOR/DME  supplement,  provided  VOR/DME  or  other 
navigation  aids  are  used  to  provide  non-precision  approach  cap- 
ability at  airports  requiring  this  service. 

Areas  of  concern  that  arise  in  the  implementation  of  Omega 
navigation  as  a supplementary  system  are  user  familiarization  and 
experience  with  the  system  and  additional  requirements  and  cost 
of  developing  procedures  and  facilities  for  using  Omega  in  the 
NAS.  Introduction  of  any  new  navigation  system  requires  the 
development  of  procedures  appropriate  to  that  system  followed  by 
pilot  familiarization  with  these  procedures.  Omega  is  no  excep- 
tion. However,  existing  avionics  has  been  designed  to  operate  in 
the  NAS  in  a manner  similar  to  conventional  VOR/DME  based  RNAV . 

This  type  of  avionics  design  minimizes  pilot  familiarization  for 
current  RNAV  users  and,  to  some  degree,  conventional  VOR/DME 
navigation  users. 
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As  indicated,  Omega  does  not  meet  the  non-precision  approach 
accuracy  requirements,  hence,  other  navigation  aids  are  required 
for  support  during  this  flight  phase.  The  impact  here  is  one  of 
requiring  additional  avionics  which  will  affect  the  already 
crowded  panel  situation.  Since  Omega,  as  an  enroute  navigation 
system,  cannot  support  non-precision  approaches  it  is  necessary 
that  the  pilot  be  familiar  with  the  operational  characteristics 
of  differing  navigation  systems  for  enroute,  non-precision  and  prccisioi 
approach  procedures  individually. 

Implementation  of  the  Omega  system  as  a supplement  to  VOR/ 

DME  in  Alaska  has  the  distinct  advantage  of  providing  RNAV  cap- 
ability over  all  of  Alaska  from  ground  level  up.  This  capability 
is  currently  not  provided.  The  effects  of  SIDs  and  PCAs  on  air- 
craft navigation  system  performance  has  not  been  fully  investigated 
in  this  region.  The  impact  of  ionospheric  disturbances,  such  as 
PCA ' s , could  conceivably  be  significant  on  air  travel 
in  the  remote  regions  of  Alaska  where  VOR/DME  coverage  may  be 
lacking.  Flight  testing  must  be  performed  prior  to  certification 
of  Omega  as  a supplementary  system  in  Alaska. 

A final  issue  concerns  that  particular  user  travelling  between 
Alaska  and  CONUS  on  a regular  basis.  Since  Omega  is  not  feasible 
for  CONUS  applications  it  is  apparent  that  if  Omega  were  to  be 
certified  as  a supplement  in  Alaska  that  this  particular  user  group 
would  have  to  have  avionics  applicable  to  CONUS  and  avionics 
applicable  to  Alaska.  If  the  primary  navigation  system  in  CONUS 
and  Alaska  are  identical  the  additional  avionics  requirements  are 
not  as  great  as  if  the  primary  systems  differ.  Because  of  the 
Alaska/CONUS  user  group,  consideration  must  be  given  to  the  over- 
all avionics  requirements. 
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VI.  DIFFERENTIAL  OMEGA  SYSTEM  EVALUATION 


This  section  describes  a recommended  Differential  Omega 
navigation  system  configuration  as  it  relates  to  the  navigation 
requirements  specified  in  Section  III.  The  recommended  configur- 
ation is  based  on  supportive  information  presented  in  Appendix  C. 
Differential  Omega  is  essentially  an  augmented  Omega  system, 
hence,  many  of  the  characteristics,  as  they  relate  to  the  require- 
ments are  similar,  therefore,  extensive  reference  is  made  to 
Section  V.  The  section  concludes  with  a discussion  of  the 
Differential  Omega  system  in  the  National  Airspace  System. 

6.1  DIFFERENTIAL  OMEGA  SYSTEM  DESCRIPTION 

The  term  Differential  Omega  refers  to  a concept  for  local 
real-time  Omega  accuracy  enhancement  to  reduce  potential  position 
errors  caused  by  propagation  anomalies.  In  Differential  Omega, 
a ground  station  at  a known  location  measures  the  errors  of  the 
Omega  system  and  transmits  correction  information  to  suitably 
equipped  users.  These  users  need  a means  of  receiving  and  de- 
coding the  data  link  correction  messages. 

Figure  6.1  shows  the  operational  concept  of  Differential 
Omega.  The  ground  unit  consists  of  a monitor  receiver  at  a 
fixed,  known  location,  and  an  uplink  transmitter.  The  monitor 
receiver  measures  the  actual  Omega  signal  phases,  and  compares 
them  with  the  nominal  phase  characteristics  for  the  known  monitor 
location.  The  differences  between  the  actual  and  nominal  phase 
measurements  are  used  to  generate  correction  data,  which  are 
uplinked  to  Differential  Omega  users  in  the  service  area.  The 
Differential  Omega  receiver  decodes  the  correction  data  from  the 
uplink  and  uses  these  to  correct  the  Omega  signals  measured  by 
the  user  Omega  equipment.  For  reasonable  ranges,  less  than 
200  nm  [ 41  ] , there  exists  good  correlation  between  the  Omega 


Figure  6.1  Differential  Omega  Concept 
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signal  errors  measured  by  the  monitor  station  and  by  the  user 
equipment,  hence,  Differential  Omega  can  provide  substantial 
accuracy  enhancement . This  accuracy  enhancement  is  based  on  having 
reasonably  good  standard  Omega  coverage  over  the  area  of  interest. 
Differential  Omega  can  reduce  the  errors  resulting  from  propagation 
phase  prediction  errors,  but  cannot  correct  for  poor  phase 
measurements  (due  to  poor  S/N  ratios)  or  poor  Omega  station/receiver 
geometry . 

Several  different  schemes  are  available  for  the  implementa- 
tion of  the  Differential  Omega  concept.  The  differences  are 
primarily  in  the  form  of  the  data  link  from  the  ground  monitor 
station  to  the  airborne  receiver.  The  data  link  elements  in- 
clude the  content  and  format  of  the  correction  data  to  be  trans- 
mitted to  the  aircraft,  and  the  uplink  transmission  frequency 
(UHF,  VHF,  LF,  for  example).  The  alternatives  available  for 
these  data  link  elements  are  discussed  in  more  detail  in 
Appendix  C from  which  a good  Differential  Omega  format  appears 
to  be  the  following: 

• Uplink  phase  corrections  for  individual  stations 
referenced  to  an  atomic  time  standard.  These  atomic 
clocks  need  not  be  synchronized  to  Universal  Time, 
as  is  the  Omega  system.  However,  when  an  economical 
means  of  time  dissemination  becomes  available,  it 
may  be  practical  to  synchronize  the  clocks  at  the 
Differential  Omega  stations. 

• The  range  (largest  values)  of  Differential  Omega 
corrections  must  be  determined  by  analysis  of  propa- 
gation anomalies.  A first  approximation  is  2 cycles. 

• The  resolution  of  the  differential  correction  should 
be  less  than  0.01  cycle. 

• Corrections  should  be  uplinked  for  all  eight  stations 
at  all  four  Omega  frequencies  (10.2  kHz,  11-1/2  ’;!!*, 

13.6  kHz  and  3.4  kHz) . 

• Corrections  for  each  10  second  Omega  commutation 
cycle  should  be  uplinked. 

• Predicted  propagation  corrections  should  not  be  incor- 
porated into  the  uplink. 

• The  uplink  medium  should  be  VHF  or  LF,  using  existing 
aeronautical  frequencies.  A data  link  on  a voice 
channel  or  beacon  frequency  is  recommended . 
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6.2  PERFORMANCE  CHARACTERISTICS 


This  section  presents  a description  of  Differential  Omega 
performance  characteristics  and  an  assessment  of  the  degree  to 
which  these  characteristics  meet  the  system  requirements  presented 
in  Section  III.  Since  standard  Omega  coverage  over  CONUS  is  in- 
adequate, given  that  the  Trinidad  station  goes  off  the  air  as 
scheduled.  Differential  Omega  will  not  be  considered  as  a candidate 
to  meet  the  total  CONUS  requirement.  An  assessment  of  the  number 
of  Differential  Omega  stations  needed  to  meet  the  Alaska  navigation 
requirements,  including  Offshore,  is  made.  In  addition,  the  number 
of  Differential  Omega  stations  needed  to  serve  the  CONUS  offshore 
areas  where  adequate  standard  Omega  coverage  is  available  is  also 
estimated. 

6.2.1  Coverage 

There  is  currently  no  operational  Differential  Omega  system. 

A number  of  studies  and  field  evaluations  have  been  conducted  to 
determine  the  useful  range  of  a Differential  Omega  station  [43]. 
Adequate  Differential  Omega  coverage  requires  that  both  differential 
uplink  and  useable  Omega  signals  be  received.  In  this  section, 

Omega  coverage  for  CONUS,  CONUS  Offshore,  Alaska,  and  Alaska  Off- 
shore will  be  discussed,  followed  by  a discussion  of  the  number  of 
Differential  Omega  stations  required. 

6 . 2 . 1 . 1 Omega  Signal  Coverage  in  CONUS  and  CONUS  Off-shore.  For 
Differential  Omega  to  be  a viable  candidate  for  VOR/DME  replacement, 
Differential  Omega  would  have  to  supply  navigational  service  to 

ail  of  CONUS.  This  in  turn  requires  adequate  Omega  signal  coverage, 
with  good  station  geometry,  redundancy,  and  sufficiently  strong 
signals.  Because  Omega  is  inadequate  for  CONUS  navigation  in  some 
regions.  Section  5.2.1,  Differential  Omega  will  be  inadequate  in 
those  same  regions,  and  hence  inadequate  for  use  as  the  primary 
CONUS  navigation  system. 
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Omega  signals  may  be  adequate  for  offshore  helicopter  navi- 
gation off  the  Georgia  coast,  and  should  be  acceptable  for  naviga- 
tion off  the  New  England  coast.  In  these  areas,  if  sufficient 
Differential  Omega  uplink  signal  coverage  is  provided,  Differential 
Omega  may  be  a viable  option  to  meet  the  low  altitude  Offshore 
requirement.  Omega  coverage  in  the  Gulf  of  Mexico  offshore  area 
is  inadequate  without  the  Trinidad  station.  Therefore,  Differential 
Omega  is  not  a candidate  for  meeting  the  offshore  navigation 
requirement  in  the  Gulf  of  Mexico  area. 

6. 2. 1.2  Differential  Omega  Stations  needed  for  CONUS  Off-shore. 

The  CONUS  off-shore  regions  that  have  adequate  Omega  coverage 
and  are,  hence,  considered  as  candidate  areas  for  Differential 
Omega  improvement  are  indicated  in  Figure  5.6.  These  regions 
include  all  of  the  West  Coast  and  the  East  Coast  North  of  South 
Carolina.  Standard  Omega  coverage  is  inadequate  further  south 
along  the  East  Coast  and  in  the  Gulf  of  Mexico. 

A study  [43]  was  performed  to  determine  the  number  of  LF 
stations  required  to  provide  Differential  Omega  coverage  to 
meet  the  requirements.  Locations  were  chosen  which  have  listed 
beacons  with  sufficient  power  for  greater  than  300-nmi  telemetering 
range.  The  power  rating  for  the  selected  beacons  varied  from 
100  W to  2 kW,  with  most  in  the  400-750  W range.  The  spacing 
of  base  stations  has  been  selected  to  be  300  nmi  or  less  (as  deter- 
mined by  accuracy  requirements) , so  that  at  least  two  stations  can 
be  monitored.  Thus,  the  reliability  advantage  of  redundant 
equipment  is  obtained.  Under  normal  operation  the  closest  station 
(always  closer  than  150  nmi)  is  monitored  with  a resulting 
accuracy  of  close  to  1/4  nmi.  If  suitable  equipment  housing 
facilities  are  available,  the  use  of  redundant  sites  should  cost 
only  a moderate  amount  more  than  redundant  equipment  at  a single 
site.  The  spacing  is  such  that  the  required  accuracies  would  be 
generally  obtained  even  with  the  failure  of  the  closest  station. 
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The  number  of  Differential  Omega  LF  stations  for  the  viable 
CONUS  off-shore  regions  is  six  for  the  East  Coast  and  six  for  the 
West  Coast.  Figure  6.2  indicates  the  East  Coast  stations  and 
Figure  6.3  indicates  the  West  Coast  stations.  The  selected  beacons 
are  summarized  in  Table  6.1  which  also  indicates  the  type  beacon 
represented . 


Table  6.1 
Beacon  Selection 


Area 

Designation 

Type 

Remarks 

West  coast 

Neah  Bay 

aeronautical 

U.S. 

Portland 

aeronautical 

(6  Stations') 

Areata 

aeronautical 

Farallon 

Island 

marine 

Los  Angeles 

aeronautical 

Point  Loma 

time  shared 

Backup  in  case  of 

marine 

failure  of  L.A.  beacon 

East  coast 

Sterns 

aeronautical 

(6  stations) 

Quonset  Point 

aeronautical 

Newark 

aeronautical 

Chesapeake 

marine 

Carolina  Beach 

aeronautical 

Charleston 

aeronautical 

VIIF  Differential  Omega  stations  are  not  considered  feasible 
for  the  CONUS  Off-shore  region.  The  rationale  is  that  the  VHF  systems 
are  line-of-sight  limited,  hence,  horizon  cutoff  must  be  considered. 
Section  3. 2. 3.1  specifies  vertical  coverage  from  500  AGL  and  up  in 
the  off-shore  enroute  region.  For  a VHF  station  based  landside, 
this  translates  into  a reception  range  of  only  25  nmi  at  500  feet 
due  to  horizon  cut-off.  However,  horizontal  coverage  must  extend 
to  250  nmi  off-shore  Section  3. 2. 3. 2.  With  the  possible  exception  of 
mounting  VHF  Differential  Omega  stations  on  oil  rigs,  for  example, 
this  medium  for  the  uplink  is  infeasible. 
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LEGEND 


A MARINE  RADI08EAC0NS 

• AERONAUTICAL  RADIOBEACONS  AND  RANGES 
NUMBER  FOLLOWING  NAME  IS  STATION  NUMBER 
IN  PUBLICATION 


igure  6 . 3 


Differential  Omega  LF  Stations  for 
West  Coast  Off-shore  Region 
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6.2. 1.3  Omega  Signal  Coverage  in  Alaska.  As  indicated  in  Section 
5. 2.1, Alaska  has  the  distinctive  characteristic  of  excellent  Omega 
coverage.  Furthermore,  the  LOP  geometries  are  also  very  favorable. 
Figures  6.4  indicates  the  predicted  coverage  at  Noon  Midsummer 

in  Alaska  and  Figure  6.5  indicates  the  favorable  geometry  between 
LOP's  corresponding  to  A-C  and  A-H  LOP's.  These  two  figures  are 
copies  of  Figures  5.8  and  5.15  respectively  and  are  shown  here  for 
reference  purposes. 

6. 2. 1.4  Differential  Omega  Stations  Needed  in  Alaska.  Several 

studies  have  been  performed  to  estimate  the  number  of  Differential 
Omega  stations  required  in  Alaska.  A study  by  Swanson  [ 45  ] 

concentrated  on  the  coastal  confluence  region  (off-shore)  and  a • 
study  by  Simolunas  [ 44  ] considered  the  Alaska  region  exclusive 

of  the  Southeastern  panhandle.  Figure  6.6  shows  the  off-shore 
results  and  Figure  6.7  shows  the  Alaska  coverage  results.  In  the 
Alaska  study  a range  of  150  nmi  is  assumed  and  13  LF  Differential 
Omega  stations  are  found  to  provide  single  station  coverage  over 
Alaska,  Figure  6.7.  Expansion  of  the  coverage  radius  to  300  nmi 
would  indicate  redundant  coverage  in  a manner  similar  to  Swanson's 
methodology.  Combining  the  results  of  the  two  studies  and 
adopting  the  philosophy  of  Swanson  that  the  500  nmi  coverage 
radius  provides  a spacing  such  that  the  required  accuracies  would 
be  generally  obtained  even  with  the  failure  of  the  closest  station, 
yields  a total  number  of  LF  Differential  Omega  stations  for  Alaska 
and  Alaska  Off-shore  of  eighteen  (18)  as  shown  in  Figure  6.8.  The 
five  additional  stations,  over  and  above  the  thirteen  that  Simolunas 
proposed,  primarily  provide  coverage  in  the  Southeastern  panhandLe, 
the  Gulf  of  Alaska  Off-shore  region  and  the  Aleutian  chain.  The 
eighteen  LF  stations  are  presented  in  Table  6.2. 

VHF  Differential  Omega  stations  are  confronted  with  the 
same  terrain  limitations  as  the  VOR  system.  An  evaluation  of  the 
near  term  benefits  of  the  Alaskan  Air  Navigation  System  [ 45  ] 

examined  the  current  VOR  system  and  assessed  the  requirement  for 
additional  facilities  to  provide  the  necessary  navigation  support 
in  the  enroute  and  non-precision  approach  flight  regions.  Currently, 
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13 


Figure  6.6  Alaska  Off-shore  1.1  Differential 
Omega  Stations  [ 45  ] 
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Figure  6.7  Alaska  LF  Differential  Omega  Stations  [44] 

(150  NMI  Radius) 


gure  6.8  Alaska  and  Alaska  Off-Shore  Differential  Omega  Stations 

(300  NMI  Radius) 


Table  6.2 

Alaskan  Beacon  Selection 


DESIGNATION 

TYPE 

Barter  Island 

Aeronautical 

Point  Lay 

Aeronautical 

Umiat 

Aeronautical 

Kotzebue 

Aeronautical 

Ft.  Yukon 

Aeronautical 

Tanana 

Aeronautical 

Unalakleet 

Aeronautical 

Bethel 

Aeronautical 

Farewell 

Aeronautical 

Gulkana 

Aeronautical 

Homer 

Aeronautical 

King  Salmon 

Aeronautical 

Cold  Bay 

Aeronautical 

Adak  Island 

Marine 

Kodiak 

Aeronautical 

Hinchenbrook 

Marine 

Cape  Spencer 

Marine 

Guard  Islands 

Marine 

35 


33  VOR's  exist  in  the  Alaskan  region  and  the  Alaskan  Air  Navigation 
System  study  indicated  that  an  additional  38  VOR's  would  be  needed 
to  meet  the  Alaskan  navigation  coverage  requirements.  Hence, 
this  would  indicate  that  approximately  71  VHF  Differential  Omega 
stations  would  he  required.  However,  the  same  horizon  cutoff 
limitations  would  exist  over  the  Alaska  off-shore  region  as  for 
the  CONUS  off-shore,  hence,  no  attempt  is  made  to  determine 
the  number  of  VHF  Differential  Omega  stations  for  Off-shore. 

6.2.2  Accuracy 

A primary  advantage  of  Differential  Omega  is  its  ability  to 
correct  most  forms  of  anomalous  and  irregular  propagation.  Note, 
however,  that  Differential  Omega  corrects  propagation  anomalies,  and 
not  necessarily  additive  noise  effects,  poor  LOP  geometry  or  poor 
S/N  ratio  effects.  These  [39]  have  shown  that  Differential 
Omega  accuracy  varies,  from  0.25  nmi  to  1.0  nmi  RMS.  These  tests 
(performed  in  1968)  were  conducted  prior  to  the  standard  Omega  system 
being  fully  operational.  The  addition  of  Omega  stations  since 
those  tests  would  probably  reduce  the  upper  bound  as  signal  availa- 
bility is  improved.  Figure  6.9,  taken  from  Reference  41, 
show  test  results  of  a more  recent  test  (1977).  The  maximum  CEP 
error  is  noted  to  be  0.6  nmi.  It  should  be  noted  that  these  tests 
were  conducted  in  the  Gulf  of  Mexico  region  which  does  not  have 
favorable  standard  Omega  coverage  or  geometry  (see  Sections  5.2.1 
and  5. 2. 2.1).  A more  optimal  location  for  Omega  signal  coverage 
and  LOP  geometry  is  in  Alaska  (see  Sections  5.2.1  and  5. 2. 2. 2). 

The  achievable  Differential  Omega  accuracies  would  most  likely 
be  less,  however,  adequate  test  data  does  not  exist  for  this  region. 

As  indicated  above,  the  Differential  Omega  error  characteristics 
will  vary  with  the  specific  implementation.  Differential  Omega 
should,  under  certain  conditions,  and  especially  in  Alaska,  satisfy 
accuracy  requirements  for  enroute,  terminal  and  non -precis ion 
approach.  The  achievable  accuracy  will,  however,  be  a function 
of  the  distance  between  the  user  and  the  monitor.  As  this  distance 
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ACCURACY  VS  RANGE 


increases  the  correlation  between  the  propagation  errors  received 
by  the  user  and  by  the  monitor  will  decrease  since  the  propagation 
paths  will  be  different.  Figure  6.9  displays  this  range  dependent 
variat ion . 

6.2.3  Operational  Considerations 

The  differential  uplink  itself  should  impose  little  in  the 
way  of  constraints  on  the  operation  of  the  aircraft  using 
Differential  Omega  in  the  National  Airspace  System.  If  the 
uplink  is  fully  automated,  and  no  pilot  intervention  is  required, 
only  an  annunciator  of  differential  uplink  status  will  be  required. 

If  the  uplink  receiever  must  be  manually  tuned  and  identified, 
little  workload  will  be  imposed  upon  the  pilot,  because  the  task 
of  tuning  a .Dif f erent ia 1 Omega  uplink  receiver  would  be  comparable 
to  the  task  of  tuning  and  identifying  a VOR  transmitter,  a task 
familiar  to  pilots.  For  a one  way  Differential  Omega  data 
link,  no  constraints  would  be  imposed  on  the  number  of  users  of 
the  data  link. 

Aside  from  the  differential  uplink  itself,  the  Differential 
Omega  receiver  will  be  almost  identical  to  a standard  Omega 
receiver.  The  same  requirements  of  position  presentation, 
flexibility,  common  input  format,  pilot  workload,  failure 
alerts,  blunder  protection  and  ambiguity  resolution  satisfied 
by  standard  Omega  receivers,  Section  5.2.3,  can  be  satisfied  by 
Differential  Omega  receivers. 

Differential  Omega  charts  and  procedures  will  be  similar 
to  procedures  for  other  RNAV  systems.  Selection  of  the  Differ- 
ential Omega  uplink  station  to  use  in  flight  is  analogous  to 
selection  of  VORTAC  stations  for  RNAV.  Charted  changeover 
points  can  be  used  for  enroute  navigation,  and  choice  of  uplink 
station  can  be  specified  for  terminal  use  and  non-precision 
approach  use  since,  based  on  analysis,  it  would  appear  that  the 
requirements  can  be  met  in  these  regions.  Ongoing  and  proposed 
Differential  Omega  evaluations  are  designed  to  validate  this  finding. 
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Since  Differential  Omega  requires  an  uplink  system  and  the 
Omega  signals,  reliability  should  be  less  than  standard  Omega 
reliability  and  system  reacquisition  should  be  the  same  as  Omega. 
Section  5.2.6  discusses  Omega  reliability  and  Section  5.2. 3.6 
presents  system  reacquisition  capabilities. 

Additional  operational  factors  to  be  considered  include 
transition  from  Omega  navigation  to  Differential  Omega  navigation 
and  the  potential  impact  of  the  Differential  Omega  user  in  the 
same  airspace  with  the  Omega,  VOR  and  LORAN-C  user.  The  first 
factor  is  similar  to  the  situation  of  transitioning  from  an 
enroute  aid  to  a precision  landing  aid  [46  ] in  that  course 

corrections  prior  to  transition  are  being  based  on  a lower  accuracy 
navigation  system  than  after  transition.  Transition  from  Omega,  witn 
accuracies  on  the  order  of  1 to  2 nmi,  to  Differential  Omega,  with 
accuracies  on  the  order  of  .25  to  .50  nmi,  must  be  performed  smoothly 
while  making  maximum  use  of  the  more  accurate  Differential  Omega 
system  as  quickly  as  possible.  Suitable  transitioning  may  effect 
filtering  schemes  and/or  guidance  policies  during  transition 
which  in  turn  will  impact  avionics  costs. 

The  second  factor  mentioned  above  deals  with  compatibility 
between  various  navigation  system  users  in  the  same  airspace.  The 
impa'-i-  of  this  is  compatibility  in  flight  procedures  and  separation 
as  .rjnce.  Since  the  Differential  Omega  system  requires  additional 
aviorics  over  and  above  the  standard  Omega  avionics,  the  impli- 
cation exists  that  not  all  Omega  users  will  have  a Differential 
Omega  capability.  Special  distinction  between  those  two  user  groups 
must  also  be  maintained. 
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6.3  DIFFERENTIAL  OMEGA  IN  THE  NATIONAL  AIRSPACE  SYSTEM 


Since  implementation  of  the  Differential  Omega  System  is 
dependent  on  the  Omega  system  in  meeting  the  coverage  requirements, 
many  of  the  comments  made  in  Section  5.3  are  applicable  here. 

An  additional  advantage  to  be  gained  through  implementation  of 
Differential  Omega  in  Alaska  is  that  this  system  has  the  poten- 
tial of  providing  non-precision  approach  capability  to  airports 
with  a Differential  Omega  station  in  suitable  proximity  to  meet 
the  non-precision  approach  accuracy  requirements.  The  full  impact 
of  the  low  data  rate  of  standard  Omega  must  be  carefully  considered 
prior  to  implementation.  In  this  manner  the  Omega  receiver  can 
remain  locked  on  the  same  station  as  was  used  enroute  and  accept- 
able accuracies  achieved  through  use  of  Differential  Omega  correc- 
tions . 

The  comments  made  in  Section  5.3  regarding  additional  avionics 
requirements  and  user  familiarization  are  also  applicable.  These 
issues  are  somewhat  more  pronounced  because  of  an  additional  piece 
of  avionics  required  and  potential  additional  pilot  workload  and 
familiarity  with  the  Differential  Omega  avionics. 
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VII.  VLF  COMMUNICATIONS  SIGNALS 


This  section  addresses  the  characteristics  of  the  VLF 
Communications  System  as  they  relate  to  the  navigation  require- 
ments of  Section  III.  This  particular  system  is  not  a dedi- 
cated navigation  system  yet  it  provides  adequate  signals  to 
derive  navigation  information.  It  operates  essentially  in  a 
similar  manner  to  the  standard  Omega  system  and  can,  in  fact, 
operate  in  conjunction  with  it. 

7.1  VLF  COMMUNICATIONS  SIGNALS  SYSTEM  DESCRIPTION 

The  U.S.  Navy  operates  a VLF  communication  system  to  pro- 
vide a global,  all  weather,  highly  redundant  communications 
service  to  ships  and  submarines.  In  addition  to  the  six  stations 
operated  by  the  U.S.  Navy,  there  are  four  more  stations  operated 
by  other  countries.  All  six  stations  are  precisely  frequency  and 
time  synchronized  and  thus  can  be  used  for  navigation  purposes. 
Table  7.1  lists  their  identification,  location,  and  frequency. 
High  power  is  radiated,  ranging  from  100  KW  to  1,000  K'.V,  to 
assure  high  signal  to  noise  ratios  at  any  receiver  location. 


Table  7.1 

VLF  Communications  Stations 


I DENT. 

LOCATION 

FREQUENCY 

kHz 

NSS 

Annapolis,  Maryland 

21.4 

NAA 

Cutler,  Maine 

17.8 

NBA 

Balboa,  Panama  Canal  Zone 

24.0* 

NLK 

Jim  Creek,  Washington 

18.6 

NPM 

Lualualei,  Hawaii 

23.4 

NWC 

Northwest  Cape,  Australia 

22.3 

GBR 

Rugby,  England 

16.0 

NOT 

Yosami,  Japan 

17.4 

jxn 

Helgeland,  Norway 

16.4 

GQD 

Anthorne,  England 

19.0 

*NBA  is  on  standby  basis 


Stable  signals  are  propagated  over  long  distances  as  a result 
of  the  spherical  earth- ionosphere  waveguide  phenomena  similar 
to  that  experienced  at  the  lower  VLF  frequencies  of  Omega 
(see  Section  5.1).  However,  because  of  the  higher  frequencies, 
the  incidence  of  modal  interference  is  higher.  Consequently, 
there  are  variations  in  the  propagation  velocity  and  attenua- 
tion caused  by  changes  in  the  height  and  density  of  the  iono- 
sphere similar  to  that  observed  at  the  Omega  frequencies. 

However,  these  variations  do  not  present  a particularly  severe 
problem  in  terms  of  accomplishing  the  communications  mission 
because  of  the  highly  redundant  nature  of  the  communications 
system.  Also,  for  communications  it  is  only  necessary  to 
track  and  detect  changes  in  frequency  and  not  phase. 

Because  of  the  use  of  the  VLF  communications  signals  for 
frequency  ar.d  time  reference  in  addition  to  the  vital  communications 
mission,  there  has  been  a continuing  effort  to  improve  the  stability 
of  the  transmitted  signals.  By  the  application  of  multiple  cesium 
beam  standards  for  precise  frequency  and  phase  control  at  each 
station,  and  the  synchronization  of  all  stations  to  Universal  Time 
(UT) , a highly  repeatable  phase  stable  VLF  radio  grid  covering  the 


Figure  7.1  Signal  Format  for  FSK 
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globe  was  achieved.  This  occurred  around  1970,  at  which  time 
the  Omega  system  was  smi-operational  with  four  temporary  stations. 
The  potential  application  of  theVLF  Comm  phase  stable  grid  to 
navigation  was  recognized  and  a U.S.  company  developed  an  air- 
borne navigation  system  based  on  the  use  of  these  signals.  The 
first  flight  testing  of  the  developmental  set  began  in  1970.  The 
sets  were  designed  to  track  the  phase  of  the  carrier  frequency  of 
three  or  four  VLF  Comm  stations  which  provided  two  lines -of-position 
(LOP's)  in  the  radio  grid  network.  Generally,  the  RF  sections  was 
designed  to  receive  eight  signals,  often  including  Omega  unique 
frequencies,  so  that  the  user  could  select  the  best  set  of  three 
or  four  stations  for  his  intended  route.  With  the  FSK  signal  for- 
mat, as  illustrated  in  Figure  7.1,  the  carrier  duty  cycle  on  the 
average  is  50%,  which  with  the  high  transmitted  power  provides  a 
high  average  signal - to-noise  ratio,  making  phase  trac-ing  relatively 
easy.  Note  that  commutation  is  not  necessary  as  in  Omega  since 
each  station  is  identified  by  its  unique  frequency.  The  rela- 
tively easy  phase  tracking  of  the  VLF  Comm  signals  is  being  some- 
what complicated  by  a change  in  signal  format  to  minimum  shift 
keying  (MSK) . Transition  to  MSK  began  in  1976,  and  all  stations 
are  expected  to  be  modified  for  MSK  by  the  end  of  1978. 

The  MSK  format  is  illustrated  in  Figure  7.2.  Note  that  the 
carrier  frequency  is  not  transmitted  and  thus  cannot  be  tracked. 

The  requirement  that  the  phase  transmitted  be  continuous,  in- 
cluding at  the  bit  transition  instants,  causes  the  phase  of 
both  side  tone  signals  to  vary  in  time  depending  on  the  bit 
transition  sequence.  An  example  of  the  frequency  and  phase 
related  to  the  binary  input  is  illustrated  in  Figure  7.3  [47].  Note 
that  the  phase  at  a fixed  location  varies  between  +180  degrees. 

There  are  several  ways  to  recover  the  apparent  carrier  phase. 

One  technique  is  to  recover  the  message  bit  format.  A simpler 
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Figure  7.2  Signal  Format  for  MSK 


technique  is  to  double  either  side  tone  frequency  and  track 
the  resultant  phase.  Since  doubling  adds  noise,  this  technique 
requires  signal- to-noise  ratios  greater  than  unity  which  will 
usually  be  the  case  for  the  high  power  VLF  Comm  stations. 

The  following  six  stations  are  being  modified  to  transmit 
MSK  or  MIL  STD  FSK.  Some  of  these  are  already  transmitting  MSK  and 
modificatons  to  the  rest  are  to  be  completed  by  1979: 


NAA 

Culter,  Maine 

17.8  kHz 

* NSS 

Annapolis,  Maryland 

21.4  kHz 

NPM 

Lualualei,  Hawaii 

23.4  kHz 

NWC 

Northwest  Cape,  Australia 

22.3  kHz 

NLK 

Jim  Creek,  Washington 

18.6  kHz 

NBA 

Balboa,  Panama  Canal  Zone 

24.0  kHz* 

* NBA 

is  on  standby  basis. 

The  others  are  not  under  U.S.  Navy  control. 

Once  modified, 

the  stations  may  operate  in  any  one  of  three  modes  listed 
below: 

(1)  MSK,  +25  Hz  about  the  carrier  at  50  baud; 

(2)  MSK,  +50  Hz  about  the  carrier  at  100  baud;  or 

(3)  modified  FSK,  +25  Hz  about  the  carrier  at  50  baud. 
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The  simple  doubling  process  of  recovering  phase  will  oper- 
ate on  any  of  the  three  modes. 

7.1.1  System  Status 


7.1.1. 1 VLF  Station  Status 

Except  for  scheduled  maintenance,  active  Navy  VLF  Submarine 
Broadcast  Transmitters  operate  essentially  continuously,  to  provide 
maximum  feasible  broadcast  continuity.  Each  station  conducts 
maintenance  on  a different  day  of  the  week  to  avoid  more  than  one 
transmitter  down  at  any  time.  Naval  Observatory  publishes  VLF 
maintenance  schedules  and  frequencies  to  the  navigation  and  precise 
time  community  [48].  A typical  maintenance  schedule  is  shown  in 
Table  7.2  [49].  This  may  no  longer  be  current,  but  the  down  times 
are  representative.  In  addition  to  scheduled  maintenance, 
some  of  the  Comm  stations  shut  down  or  shift  off  frequency  for 
a few  minutes  every  other  hour  just  prior  to  the  even  GMT  hours 
(e.g.,  09541,  1557Z,  etc.).  Almost  all  of  the  Comm  stations  do 
this  within  10  minutes  prior  to  midnight  GMT. 


Table  7.2 

VLF  Station  Maintenance  Schedule 


IDENT 

nAY 

TIME  (GMT) 

NAA 

Monday 

1400-1800 

NPM 

Monday-Tuesday 

1700-0200 

GBR 

Tuesday  » 

1000-1400 

NWC 

Wednesday 

0000-0400 

NSS 

Wednesday 

1300-1900 

NLK 

Thursday  (1st 
& 3rd  of  month) 

1700-2200 

NDT 

Daily 

2300-0750 

JXN 

Daily 

0400-0500 

1000-1100 

1600-1700 

14b 


Reliability  is  defined  as  the  percentage  of  time  the  VLF 
transmitters  are  on  the  air,  except  for  unscheduled  outage  or 
casualty.  The  goal  is  99.9  percent.  The  stations  usually  exceed 

99  percent.  For  example  the  VLF  at  Cutler  exceeded  99  percent 
for  the  past  two  fiscal  years  with  99.81  percent  in  FY  76. 

In  prior  years  the  VLF  modulation  format  was  50  baud  FSK 
with  a modulation  index  of  1.0  resulting  in  a space  frequency  of 
50  Hertz  above  the  mark  or  assigned  frequency  (ASYMMETRIC).  It 
is  planned  to  convert  all  stations  to  MSK  and  MIL-STD  FSK  (SYM- 
METRIC). MSK  is  similar  to  FSK  except  for  a modulation  index 
of  0.5  or  one-half  the  data  rate.  For  example,  200  baud  MSK  his 
a symmetrical  frequency  shift  of  100  Hertz  (plus  or  minus  50 
Hertz  from  the  assigned  frequency).  One  hundred  (100)  baud  MSK 
has  a total  frequency  shift  of  50  Hertz.  MIL-STD  FSK  is  centered 
on  the  assigned  frequency  with  a modulation  index  of  1.0.  For 
example,  50  baud  FSK  is  shifted  plus  or  minus  25  Hertz  from  the 
assigned  frequency.  Conversion  is  planned  for  completion  in 
calendar  year  76  for  Cutler,  Annapolis,  Lualualei  and  H.E.  Holt. 

Jim  Creek  and  YOSAMI  are  planned  for  conversion  in  calendar  year 
78.  Balboa  is  not  planned  for  MSK  but  will  be  operated  MIL-STD 
FSK  as  required.  All  other  VLF  stations  are  planned  for  operation 
at  200  baud  MSK  except  YOSAMI  and  Jim  Creek  which  are  planned  for 

100  baud.  MIL-STD  FSK  is  a backup  mode  for  MSK  [4  8]- 

The  frequency  and  phase  of  the  VLF  transmitters  are  controlled 
by  CESIUM  BEAM  primary  frequency  standards,  Hewlett  Packard  model 
5062C  (0-1695/U).  The  stability  is  plus  or  minus  1 part  in  100 
billion;  accuracy  is  plus  or  minus  3 parts  in  100  billion  ( 48]. 

7. 1. 1. 2 User  Status 

The  status  of  the  use  of  VLF  Comm  signals  for  navigation 
cannot  be  discussed  independently  of  Omega  for  the  sets  in  use 
employ  various  combinations  of  VLF  Comm  and  Omega.  The  earlier 
sets  were  basically  VLF  Comm  but  could  also  use  whatever  Omega 
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unique  frequencies  were  available.  As  the  Omega  stations  came 
on  the  air  at  full  power,  the  manufacturers  began  to  include  a 
capability  to  use  the  Omega  navigation  frequencies.  Today 
the  trend  is  toward  a combined  set  using  the  Omega  navigation 
signals  and  augmented  with  VLF  Comm  signals. 

The  first  flight  testing  of  a feasibility  model  of  an  air- 
borne navigation  system  based  on  the  use  of  VLF  communications 
signals  began  in  1970.  Since  that  time,  over  1200  aircraft 
have  been  equipped  with  navigation  sets  based  on  VLF  communi- 
cation signals.  The  sets  were  produced  by  two  U.S.  companies. 

Prices  range  from  $16,000  to  $50,000.  Application  was  generally 
found  by  those  users  operating  in  areas  not  serviced  by  any 
other  radio-based  navigation  aid.  More  recently  (1976-77),  the 
manufacturers  of  Omega  sets  began  offering  an  option  to  include 
the  use  of  VLF  Comm  signals  to  augment  Omega. 

Omega  has  been  in  operational  use  on  military  aircraft  since 
about  1970  and  approximately  300  military  aircraft  are  Omega- 
equipped  currently.  However,  the  number  of  civil  aircraft  cur- 
rently using  Omega  is  estimated  to  be  less  than  100,  but  is  increasin 

A summary  of  distribution  by  user  areas  is  shown  in  Table 
7.3  for  1976.  The  avionics  configurations  are  briefly  described 
below: 

(1)  VLF  COMM/OMEGA  UNIQUE  FREQUENCIES 

This  is  an  earlier  version  design  which  associates  a 
specific  frequency  with  each  station  to  resolve  station 
identification.  Two  Omega  stations  are  currently  broad- 
casting unique  frequencies.  These  are  Hawaii,  (C), 
and  North  Dakota  (D) . Hawaii  transmits  at  a unique 
frequency  of  11.8  kHz  and  North  Dakota  transmits  at 
a unique  frequency  of  13.1  kHz.  The  entire  issue  of 
Omega-unique  frequencies  is  currently  under  consider- 
ation on  an  international  basis. 

The  proposed  plan  is  that  each  station  transmit  a single 
unique  frequency  in  four  time  segments.  Relative  to  the 
format  for  station  A,  these  segments  would  be  4,  5,  7 and 
8.  The  fourth  navigation  frequency  11.050  kHz  is  planned 
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for  segment  6.  Based  on  the  implications  of  the  inter- 
national frequency  allocation  problems,  it  is  anticipated 
that  unique  frequencies  from  all  stations  may  not  become 
operational  until  1980.  Even  if  the  Omega-unique  frequen- 
cies are  abandoned,  this  basic  configuration  can  still 
operate  using  signals  from  the  10  VLF  communication  sta- 
tions. Most  sets  of  this  basic  design  configuration 
operate  in  a range-range  mode.  A reason  for  this  is  that 
the  phase  measurements  from  any  pair  of  stations  cannot 
be  simply  subtracted  to  provide  a hyperbolic  grid  system 
since  each  station  transmits  on  a different  frequency. 
Range-range  mode  operation  requires  a time  reference 
much  more  accurate  than  can  be  achieved  with  quarto 
crystal  oscillators.  Therefore,  mose  of  these  configur- 
ations include  a Rubidium  atomic  frequency  standard. 

VLF  COMM/OMEGA 


The  more  recent  configuration  is  designed  to  process 
the  three  basic  Omega  navigation  frequencies,  10.2  kHz, 
11-1/3  kHz,  and  13. 6 kHz  in  addition  to  the  VLF  communica- 
tions frequencies.  A commutation  operation  of  these  three 
frequencies  is  required  in  the  avionics  in  order  to 
associate  received  signals  with  stations.  The  commutation 
operation  adds  some  complexity  to  the  avionics,  but  adds 
the  capability  to  use  the  Omega  navigation  frequencies  in 
the  position  fixing  solution  as  well  as  for  lane  ambiguity 
resolution.  There  are  many  options  available  within  this 
configuration.  Clearly,  a set  capable  of  simultaneously 
tracking  all  10  VLF  communications  stations,  all  eight 
Omega-unique  frequencies,  and  all  three  (eventually  four) 
Omega  basic  navigation  frequencies  from  all  eight  Omega 
stations  would  be  overly  redundant  anywhere  over  the 
globe.  The  approach  used  thus  far  has  been  to  tailor  the 
design  for  the  specific  area  of  interest.  The  newest 
of  the  sets  currently  on  the  market  can  track  up  to  eight 
frequencies  from  VLF  communication  stations  or  unique 
Omega  frequencies  and  the  10.2  kHz  and  15.6  kHz  Omega 
signals  from  up  to  all  eight  Omega  stations. 

OMEGA 


This  configuration  uses  Omega  signals  only.  Most 
receivers  available  today  are  based  on  s ingle  - frequency 
or  three- frequency  implementation.  The  single-frequency 
sets  generally  use  10.2  kHz.  The  three- frequency  sets 
track  10.2,  11-1/3,  and  13.6  kHz.  The  means  of  combining 
the  phase  measurements  from  the  three  frequencies  varies. 

A commonly  used  mode  is  the  3.4  kHz  difference  frequency 
derived  from  13.6  and  10.2  kHz.  Designs  have  been  put 
forth  which  use  the  Omega-unique  frequencies  for  synch- 
ronization. This  technique  offers  a potentially  lower 
cost  design.  Configurations  of  this  type  may  come  into 
use  in  the  future  if  and  when  the  unique  frequencies  become 
a permanent  feature  of  the  Omega  system. 
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The  quantities  and  distribution  of  Table  7.3  are  based  on 
discussions  with  the  representatives  of  the  two  U.S.  firms  pro- 
ducing configuration  1 and  2 type  sets.  The  inputs  for  configura- 
tion 5 (Omega),  are  based  on  discussions  with  Omega  manufacturing 
company  representatives  of  airlines. 

Table  7.4  is  based  on  an  extrapolation  of  the  current  rate 
of  production  for  the  type  2 configuration.  It  is  not  antici- 
pated that  additional  units  of  the  type  1 configuration  will  he 
produced.  The  Omega  quantities  projected  on  Table  7.4  are  based 
on  the  selection  by  the  air  carriers  of  Omega  as  the  Loran-.\ 
replacement  and  that  general  aviation  us;  ge  of  Omega  will 
gradually  increase  as  lower  cost  sets  beco"  available.  Omega 
is  estimated  considerably  lower  than  configuration  2 for  CONUS 
because  of  the  relatively  poor  Omega  coverage  over  CONUS.  In 
fact,  all  Omega  estimates  were  tempered  by  the  consideration 
of  the  availability  of  type  2 configuration  sets. 

In  1975,  the  FAA  requested  the  U.S.  Navy  to  assume  a navi- 
gational mission  responsibility  for  the  Navy  VLF  stat ions f 50  ] . 

The  request  was  denied  [ 51 J . Since  that  time,  a better  under- 
standing of  the  use  of  the  VLF  signals  for  navigation  has  been 
achieved  by  both  parties.  In  September  1976,  the  Navy  informed 
the  FAA  that  there  is  no  objection  to  the  use  of  VLF  Comm  for 
navigation  provided  that  the  stations  are  not  assigned  additional 
missions  as  NAVAIDS,  and  notification  procedures  of  the  U.S. 

Naval  Observatory  are  satisfactory  to  all  concerned  [49].  In 
addition,  the  FAA  sponsored  an  FAA/DoD/ Industry  meeting  on 
14  September  1976  to  discuss  the  use  of  VLF  Comm  for  navigation 
purposes [ 52] • A preliminary  proposed  Omega/VLF  Approval  Require- 
ment was  issued  and  critiqued  at  that  meeting.  A revised  version 
of  the  Approval  Requirement  was  issued  as  a NOT AM  and  an  Advisory 
Circular  is  in  preparation.  In  August  1976,  the  FAA  Western 
Region  certified  a VLF/Omega  set  according  to  AC  90-45A  as  an 
additional  means  of  navigation  for  enroute  use  in  the  NAS  as  long 
as  VOR/DME  was  also  available  [53]. 
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7.2  PERFORMANCE  CHARACTERISTICS 


This  section  presents  a description  of  the  VLF  communica- 
tions system  performance  characteristics  as  they  relate  the 
navigation  system  requirements.  An  assessment  of  the  degree  to 
which  these  characteristics  meet  these  requirements  is  also 
presented. 

7.2.1  Coverage 

A theoretical  study  which  assessed  the  availability  of  VLF 
comm,  signals  over  North  America  and  the  North  Atlantic  concluded 
that  signals  from  at  least  eight  stations  would  be  available  based 
on  signal-to-noise  ratios  [54].  That  number  is  now  reduced  to  seven 
since  NBA,  Balboa,  has  been  taken  off  the  air  and  placed  on  a 
stand-by  status.  Consideration  of  modal  interference  could  rule 
out  the  use  of  VXN,  Norway,  and  GBR,  Great  Britain,  over  Alaska 
and  parts  of  CONUS  at  certain  times  during  transition.  In  addition, 
geometry  of  LOPs  must  be  considered.  In  regard  to  CONUS  and 
Alaska,  the  two  stations  in  Great  Britain  GBR  and  GB2,  and  the 
station  in  Norway,  VXN  provide  redundant  LOPs,  and  in  effect, 
most  of  the  navigation  information  available  from  the  three  stations 
is  provided  by  any  one  station. 

In  addition,  there  is  a minimum  radius  about  each  of  the 
three  stations  located  in  CONUS  (NLK,  NAA,  NSS) , within  which 
use  of  that  station  is  unreliable  because  of  modal  interference. 

The  minimum  radius,  which  may  be  different  for  each  station,  is 
not  well  established,  but  for  planning  purposes,  is  estimated  to 
be  on  the  order  of  300  to  600  nm. 

In  summary,  there  should  be  at  least  four  VLF  stations  pro- 
viding usable  signals  at  any  location  and  time  over  the  CONUS, 
Alaska,  and  offshore  areas  with  two  to  three  additional  stations 
available  most  of  the  time. 
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7.2.2  Accuracy 


The  operational  accuracy  of  VLF  Comm  is  quoted  as  being 
0.5  nm  CEP/hour.  This  number,  quoted  by  one  of  the  companies 
producing  and  distributing  equipment  of  this  type,  is  based 
on  a large  sample  of  operational  observations  [ 5 5 1 . There  has 
not  been  any  government  sponsored,  or  independent  agency, 
testing  of  the  navigational  accuracy  based  on  a thorough  engin- 
eering test  and  evaluation  approach.  The  reason  the  observed 
accuracy  is  time  varying  is  probably  because  of  lane  slippage 
and  inadequate  phase  propagation  corrections. 

Given  that  adequate  phase  corrections  are  determined 
and  applied,  the  accuracy  of  VLF  comm,  should  be  about  the 
same  as  Omega.  In  any  event,  the  trend  in  the  use  of  VLF  comm, 
signals  for  navigation  is  to  combine  the  VLF  comm  signals  with 
Omega  signals.  The  average  accuracy  over  the  globe  in  this 
case  should  be  better  than  Omega  alone. 

7.2.3  Operational  Considerations 

The  VLF  communications  system,  is  in  an  operational  sense, 
similar  to  the  Omega  system.  Therefore,  the  discussion  in  Sec- 
tion 5.2.3  is  also  applicable  here.  It  should  be  re-emphasised 
that  this  is  not  a dedicated  navigation  system.  Hence,  from 
an  operational  point  of  view,  several  factors  can  significantly 
impact  its  usefulness.  The  primary  factor  is  loss  of  signal 
due  to  maintenance  schedules  and  frequency  shifting. 

Pilots  can  generally  be  forewarned  of  such  occur- 
rences through  normal  channels  such  as  the  Airman's  Information 
Manual  (AIM).  Because  it  is  a Navy  communication  system  and  not  a 
FAA  owned  and  operated  navigation  system,  a requirement  to  dis- 
perse this  information  does  not  exist. 
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Other  operational  considerations  relate  to  an  absence  of 
a PPC  type  capability.  This  manifests  itself  in  a time-varying 
accuracy  as  indicated  in  Section  7.2.2.  For  longer  flight  times 
the  accuracy  can  become  significant  without  any  additional 
correction  information.  Furthermore,  it  is  possible,  when  navi- 
gating with  VLF  communications  only,  that  the  uncorrected  error 
can  increase  to  the  point  of  causing  a position  resolution  ambi- 
guity. Hence,  the  lack  of  PPCs  causing  the  time-dependent  accur- 
acies need  to  be  considered  in  any  planned  implementation  of 
VLF  communications. 
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VIII.  NON -PRECIS ION  APPROACH  ANALYSIS 


One  of  the  requirements  of  a candidate  enroute  or  terminal 
area  navigation  aid  is  that  it  also  provide  the  capability  of 
supporting  non -precis ion  approaches.  This  requirement  arises 
from  the  fact  that  the  current  enroute  aids  (VOR  and  NDB)  are  able 
to  provide  this  capability  and  hence  any  candidate  system  must 
provide  at  least  comparable  performance.  Not  only  must  the  candi- 
date system  provide  non-precision  approach  capabilities  at  air- 
ports currently  being  serviced,  but  also  provide  this  capability 
as  future  non-precision  approach  service  is  required  at  other  airports 

This  section  discusses  non-precision  (NPA)  requirements  in 
greater  detail  and  presents  the  methodology  employed  in  ascer- 
taining the  ability  of  the  candidate  navigation  systems  to  meet 
the  requirements.  The  navigation  systems  considered  include 
Loran-C,  VLF  communications,  Omega  and  Differential  Omega.  An 
evaluation  of  GPS  has  been  purposely  delayed  in  anticipation  of 
further  data  and  status.  The  first  section  presents  the  rationale 
for  selecting  the  final  non-precision  approach  candidate  systems 
from  the  foregoing  list.  The  method  of  approach  is  then  presented 
followed  by  the  presentation  of  results  and  conclusions. 

8.1  NON-PRECISION  APPROACH  CANDIDATE  NAVIGATION  SYSTEMS 

Currently  1541  airports  in  CONUS  and  44  airports  in  Alaska 
have  NPA  procedures  supported  by  enroute  navigation  aids.  These 
airports  are  a subset  of  14,770  airports  listed  on  the  aircraft 
registration  tape.  Beyond  the  criteria  that  the  airport  have  a NPA 
procedure  at  least  one  of  the  following  criteria  must  also  be  met 
in  order  to  qualify  for  the  subsequent  - NPA  analysis: 

(1)  Scheduled  service  by  a CAB  carrier 

(2)  Air  taxi  operations 

(3)  10,000  or  more  annual  GA  operations  Clocal  and  intinerant) 

Whether  the  airport  had  a NPA  procedure  was  ascertained  by 
a review  of  Jeppessen  approach  plates  [56].  Airports  not  meeting 
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the  above  criteria  or  those  that  have  private  NPA  landing  aids 
without  a published  procedure  are  not  considered. 

The  candidate  navigation  systems  must  have  suitable 
signal  coverage  to  provide  NPA  service  at  these  airports.  As 
indicated  in  Sections  5.2.1  and  6.2.1,  the  Omega  and,  hence, 
Differential  Omega  systems  do  not  have  adequate  coverage  over 
a major  portion  of  CONUS.  Therefore  these  two  systems,  from  a 
coverage  standpoint,  are  not  candidates  to  support  NPA  in  CONUS. 

Thus,  Loran-C  is  the  only  system  considered  a candidate  in 
this  region. 

Another  important  factor  in  the  NPA  requirement  is  accuracy. 

The  Loran-C  accuracy,  as  discussed  in  Section  4. 2. 2.4,  meets  the 
non-precision  approach  requirement.  Omega,  on  the  other  hand, 
does  not  (Section  5.2.2).  It  is  expected  that  the  Differential 
Omega  should  meet  the  accuracy  requirements  for  NPA's  (Section  6.2.2). 
Hence,  Loran-C  remains  a NPA  candidate  in  CONUS,  Alaska  and  the 
off-shore  regions,  Differential  Omega  remains  a NPA  candidate  in 
the  Alaska,  and  Alaska  off-shore  regions  and  Omega  is  not 
a candidate  to  support  NPA  in  any  of  the  regions. 

The  VLF  communications  system  is  considered  separately 
primarily  since  it  is  a communications  system  not  dedicated  to 
provide  navigation  signals.  As  discussed  in  Section  7.1  since 
it  is  not  a dedicated  navigation  system  it  is  subject  to  scheduled 
maintenance  and,  hence,  some  of  the  stations  will  experience 
shutdown  or  shift  frequency  for  a few  minutes  every  other 
hour.  Therefore,  the  VLF  communications  system,  on  its  own, 
does  not  have  adequate  reliability  to  support  non-precision 
approaches.  For  this  reason  it  is  not  considered  as  a candidate. 

The  candidate  NPA  navigation  systems  must  not  only  provide 
service  at  current  airports  with  NPA  procedures  but  they 
must  also  provide  NPA  service  at  additional  airports  in  the 
future  as  the  need  arises.  The  broad  coverage  characteristics 
of  the  systems  considered  is  such  that  as  the  enroute  regions  receive 
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coverage  over  CONUS  and  Alaska,  the  terminal  areas  auto- 
matically receive  suitable  coverage.  This  is  true  except  for 
possibly  the  Differential  Omega  system  which,  because  of 
accuracy  requirements  (Section  5.2.1),  is  more  severely  range 
limited  than  the  other  VLF  systems.  It  does  not  appear  at 
this  point  that  future  NPA  requirements  would  further  eliminate 
any  of  the  candidates. 

In  summary,  the  NPA  candidates  appear  to  be  Loran-C  in 
all  regions  of  interest  and  Differential  Omega  in  the  Alaskan 
and  Alaska  off-shore  regions.  The  following  analysis,  therefore, 
considers  only  these  two  systems. 

8.2  METHOD  OF  APPROACH 

The  current  enroute  navigation  aids  that  provide  NPA  service 
are  VOR/DME,  VOR,  NDB/DME  and  XDB.  Localizers  also  provide 
NPA  service,  however,  they  come  under  the  category  of  a terminal- 
approach  aid  and  not  an  enroute  aid.  The  NPA  candidates 
are  considered  only  as  providing  the  same  service  as  the  enroute 
aids.  Hence,  the  support  provided  by  localizers  is  not  considered. 

Determination  of  the  level  of  service  provided  by  the 
current  systems  is  achieved  through  an  examination  of  the  appro- 
priate approach  plates  [ 5 6 1 which  indicate  the  minima  achievable. 
The  published  minima  are  determined  by  an  application  of  procedures 
as  specified  in  the  Terminal  Instrument  Procedures  (TERPS) 
document  [ 4 ] . The  TERPS  document  essentially  establishes 

airspace  criteria  for  safe  flight  operations  along  initial,  inter- 
mediate and  final  approach  paths.  These  criteria  define  boundaries 
within  which  no  obstacle  may  penetrate  a specified  floor.  Terrain 
and  other  obstructions  in  the  terminal  area,  therefore,  play  a 
key  role  in  the  determination  of  the  minima.  The  minima  also 
vary  for  each  system  since  the  size  and  shape  of  the  TERP's 
criteria  protected  airspace  boundaries  are  dependent  on  the 
inherent  system  accuracies,  based  on  navigation  system  errors, 
flight  technical  error  (FTE)  and  airborne  computer  error. 
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Evaluation  as  to  whether  or  not  the  candidate  systems 
can  meet  the  NPA  coverage  requirements  is  achieved  by  determining 
minima  for  the  candidate  system  and  comparing  these  with 
currently  published  minima.  The  NPA  requirement  >s  met  at  those 
airports  where  the  minima  are  the  same  . r decg?^ased  with  imple- 
mentation of  the  candidate  system.  The  evaluation  process  is 
composed  of  two  basic  steps.  The  firs't  involves  summarizing 
the  current  minima  at  airports  with  NPA  procedures  and  the  second 
requires  generation  of  new  minima  for  the  candidate  systems  at 
the  same  airports. 

Summarizing  the  current  minima  of  the  1585  airports  of  concern 
is  a rather  straightforward  procedure.  However,  several  ground- 
rules  were  established  in  order  to  provide  meaning  to  the  NPA 
evaluation.  First  of  all,  rather  than  summarize  the  minima  for 
all  NPA  procedures  at  a particular  airport,  only  the  lowest 
achievable  minimum  was  noted,  the  rationale  being  that  candi- 
date navigation  system  must  be  able  to  at  least  achieve  the  best 
possible  minimum  achievable  by  the  current  system.  In  other  words, 
the  candidate  system  should  not  degrade  service. 

Secondly,  if  a particular  airport  has  precision  approaches  avail- 
able at  all  instrumented  runways,  the  NPA  procedure  minima  are 
still  noted  since  all  aircraft  are  not  equipped  for  precision 
approaches.  Finally,  localizer  approach  is  a terminal  and  not 
enroute  navigation  aid.  If,  however,  a localizer  approach  is 
the  only  NPA  available  at  a particular  airport  an  attempt  is  made 
to  determine  if  the  candidate  system  can  provide  NPA  service  at 
that  airport. 

Generation  of  new  minima  for  the  candidate  systems  at  the 
airports  of  interest  requires  the  development  of  comparable 
TERPS  criteria  for  these  systems.  By  examining  the  magnitude  of 
the  various  error  components  it  is  possible  to  deduce  a 
reasonable  TERPS  criteria  for  Loran-C  and  Differential  Omega. 
Advisory  Circular  90-45A  [ 8 ] specifies  accuracy  values  for 

FTE  and  airborne  computer  as  indicated  in  Table  8.1.  For 
Loran-C,  the  navigation  system  error  is  expected  to  be 
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Table  8.1 

FTE  and  Airborne  Computer  Errors  [ 8 ] 


• FLIGHT  TECHNICAL  ERROR 

- APPROACH  = 

0.5  NMI 

- TERMINAL  = 

1 .0  NMI 

- ENROUTE  = 

2.0  NMI 

• AIRBORNE  COMPUTER  ERROR 

- ALL  REGIONS 

= 0.5  NMI 
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2000  feet  to  5000  feet  RMS  and  for  Differential  Omega  the 
navigation  system  error  is  0.25  nm  (Section  6.2.2).  As 
mentioned  in  Section  6.2.2  the  Differential  Omega  accuracy 
will  probably  be  a function  of  range  from  the  station.  Similarly, 
the  Loran-C  accuracy  w'ill  have  some  geometry  dependency.  To 
simplify  the  application  of  the'  candidate  system  TERPS  criteria 
it  was  assumed  that  the  achievable  accuracies  were  geometry 
independent.  To  ensure  that  all  potential  geometries  would  be 
included,  the  worst  case  navigation  system  errors  were  assumed 
to  be  representative.  The  disadvantage  to  this  assumption  is 
that  the  resulting  TERPS  criteria  would  be  conservative.  As 
will  be  observed  in  the  final  results,  this  disadvantage  does 
not  have  a significant  detriment-al  impact. 

Combining  the  navigation  system  errors  , FTF.  and  computer  error 
in  a root  - sum- squared  (RSS)  manner  yields  worst  case  errors 
of  1.1  nmi , 1.4  nmi  and  2.2  nmi  for  the  approach,  terminal  and 
enroute  flight  phases  for  Loran-C  and  1.22  nmi,  1.5  nmi  and 
2.3  nmi  for  the  approach,  terminal  and  enroute  flight  phases 
for  Differential  Omega.  Since  0.1  nmi  is  hardly  discernable  on 
the  scales  used  on  the  approach  plates  or  sectional  charts, 
the  Differential  Omega  accuracy  values  were  used  as  representa- 
tive of  the  candidate  navigation  systems.  Under  the  assumption 
of  geometry  independence,  the  resultant  TERPS  criteria  for  the 
candidate  navigation  systems  are  as  shown  in  Figure  8.1. 

The  intermediate  approach  region,  transition  between  the 
terminal  and  final  approach,  is  assumed  to  have  a boundary 
varying  linearly  between  the  terminal  and  final  approach  boundaries. 
The  missed  approach  is  defined  as  being  equivalent  to  the 
current  system  with  the  exception  that  the  expansion  in  the 
airspace  boundary  is  bounded  by  the  candidate  navigation  system 
enroute  criteria  and  not  the  current.  The  obstacle  clearances 
in  each  of  the  approach  regions  are  consistent  with  the  TERPS 
criteria  for  VOR  with  a Final  Approach  Fix  (FAF) . The  obstacle 
clearances  are  250  feet  for  final  approach,  500  feet  for  inter- 
mediate approach  and  1000  feet  for  the  terminal  area  (initial 
approach) . 
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The  candidate  navigation  systems  TERPS  criteria  are  now 
applied  to  the  airports  of  interest  to  determine  achievable 
minima  which  are  to  be  compared  to  the  current  published  MPA 
minima.  Figure  8.2  indicates  a sample  application  of  these 
criteria  to  Lincoln  Municipal  airport,  Lincoln,  California. 

The  current  minima  are  shown  in  Figure  8.2  and  represent  a 
circling  VOR  approach  without  a final  approach  fix  (FAF) . Also 
a remoted  altimeter  setting  is  required  causing  an  increase 
of  50  feet  in  the  minima. [ 4 ] In  Figure  8.3  the  intermediate 
approach  path  is  curved  to  avoid  the  Beale  AFB  airspace. 

The  area  navigation  feature  of  the  candidate  systems  provides 
this  capability  as  well  as  missed  approach  guidance.  This 
capability  is  taken  advantage  of  to  minimize  the  MPA  minima  to 
bypass  obstructions.  The  missed  approach  path  is  also  curved 
in  order  to  return  the  aircraft  for  the  possibility  of  another 
approach  attempt.  The  resultant  candidate  system  minima  are  computed 
to  be  300/1  for  all  aircraft  category.  This  is  made  up  of  the 
250  feet  obstacle  clearance  in  the  final  approach  airspace  plus 
an  additional  50  feet  due  to  the  remoted  altimeter  setting.  The 
minima  reduction  is  brought  about  primarily  by  elimination  of  the 
circling  approach  procedure  and  the  establishment  of  a FAF. 

This  TERPS  application  process  is  to  be  applied  to  all 
1585  airports  of  interest.  It  is  possible  to  achieve  a reduced 
number  of  airports  requiring  detailed  analysis  by  assessing 
the  primary  causes  of  increased  minima.  The  factors  affecting 
minima  are  obstructions  (terrain,  buildings,  towers),  remoted 
altimeter  settings,  potential  winds,  circling  approaches, 
and  no  established  FAF.  The  factor  primarily  affected  by  the 
candidate  systems  is  terrain,  implying  that  the  detailed  TERPS 
application  be  restricted  to  the  mountainous  regions.  Alaska 
and  CONUS  are  therefore  divided  into  two  regions,  mountainous, 
including  the  eleven  western  CONUS  states  and  Alaska,  and  non- 
mountainous , the  remaining  CONUS  states.  Application  of  the 
TERPS  criteria  was  limited  to  the  mountainous  region  which 
includes  a total  of  282  airports. 
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Figure  8.2  Approach  Plate  for  Lincoln  Municipal  Airport, 

Lincoln,  California 
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In  addition  to  the  potential  for  reduced  XPA  minima,  several 
other  benefits  are  possible  from  the  candidate  systems  due  to  the 
inherent  area  navigation  (RNAV)  capability  of  the  navigation 
systems  under  consideration  (Loran-C  and  Differential  Omega). 

These  are  curved  approach,  missed  approach  guidance  and  minimizing 
the  requirement  for  circling  approaches  and  procedure  turns  (inherent 
FAF) . Several  of  these  benefits  were  observed  in  the  example  shown 
in  Figure  8.3  for  Lincoln  Municipal.  It  is  primarily  these  benefits 
that  have  an  effect  on  any  minima  variations  for  the  1505  airports 
of  the  37  non-mountainous  and  Appalachian  mountain  states.  For 
this  region  of  CONUS  only  a statistical  summary  is  obtained  for 
the  current  minima  and  an  estimate  made  of  the  overall  impact 
of  implementation  of  one  of  the  candidate  navigation  systems. 

After  the  examination  of  each  of  the  airports  to  determine 
current  minima,  and  application  of  the  candidate  system  TERPS 
criteria  to  the  eleven  western  mountainous  states  and  Alaska  an 
assessment  is  made  to  determine  the  ability  of  the  candiate 
systems  to  meet  the  current  NPA  requirements.  The  assessment 
requires  the  determination  of  any  improvement  or  degradation  in 
the  minima  at  each  of  the  airports.  Having  assessed  the  impact 
at  individual  airports  the  net  improvement  or  degradation  is 
determined  including  additional  benefits  or  disbenefits  over  and 
above  minima  variations.  Conclusions  are  then  drawn  from  the 
results  regarding  the  capability  of  the  candidate  systems  to  meet 
the  NPA  requirements. 

8.3  ANALYSIS  AND  RESULTS 

This  section  presents  the  results  of  the  candidate  navigation 
system  NPA  evaluation.  The  section  is  divided  into  four  sub- 
sections pertaining  to  (1)  the  CONUS  non-mountainous  and  Appalachian 
states,  (2)  CONUS  mountainous  states,  (3)  Alaska  and  (4)  a dis- 
cussion of  additional  factors.  The  results  are  presented  in  the 
form  of  histograms  indicating  the  distribution  of  current  minima 
and  the  estimated  minima  for  the  candidate  navigation  systems. 
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Table  8.2 

Aircraft  Approach  Categories 
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8.3.1  CONUS  Non-Mountainous  and  Appalachian  Region 


As  indicated  previously,  the  CONUS  non-mcuntainous  and 
Appalachian  region  airports  were  examined  only  from  the  point 
of  view  of  summarising  the  current  NPA  minima.  The  candidate 
navigation  system  TERPS  criteria  were  not  applied  since  the 
terrain  impacts  are  not  as  significant  as  in  the  eleven  western 
states  of  CONUS  and  Alaska. 

The  histograms  for  the  minima  (ceilings)  associated  with 
aircraft  categories  A,B,C  and  D are  shown  in  Figures  8.4,  8.5, 

8.6  and  8.7  respectively.  Aircraft  categories  are  defined  in  Table 
8.2.  The  histograms  are  presented  ;n  terms  of  number  of  airports 
with  ceiling  within  50- ft.  increments  beginning  with  the 
lowest  possible  ceiling  for  NPAs  of  250  ft.  Note,  the  peaking  for 
all  aircraft  categories  between  400  and  500  ft.  This  is  attributed 
primarily  to  local  obstacles  such  as  trees,  power  lines  and  small 
buildings  on  or  near  the  airport  and  to  a requirement  for  circling 
approaches  or  to  the  absence  of  a FAF.  For  category  D aircraft  a 
second  peak  is  observed  between  550  and  600  ft.  The  cause  of  this 
is  the  requirement  for  greater  airspace  to  accommodate  the  larger 
turning  radius  of  category  D aircraft.  The  increased  airspace  re- 
quirements arise  primarily  with  circling  approaches  and  curved 
missed  approaches.  In  some  instances  the  procedure  turn  airspace 
requirement  has  an  impact.  However,  the  procedure  turn  airspace 
requirements  appeared  to  impact  the  minima  in  the  mountainous 
regions  more  significantly  than  in  the  non-mountainous . 

Table  8.2  presents  a summary  of  the  ceiling  distribution 
for  the  four  aircraft  categories.  The  first  column  indicates  the 
aircraft  category  and  the  second  column  represents  the  number 
of  airports  with  approved  minima  for  each  category.  The  next 
column  summarizes  the  number  of  airports,  for  that  particular  air- 
craft category,  having  ceiling  minima  less  than  600  feet  and  the 
last  column  indicates  the  percentage  corresponding  to  the  airports 
with  ceilings  less  than  600  feet. 
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Figure  8.4  Ceiling  Histogram  for  Aircraft  Category  A 
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Summary  Airport  Minima 


AIRCRAFT 

CATEGORY 

AIRPORTS  WITH 
PUBLISHED  CEILINGS 

AIRPORTS  WITH  CEILINGS 
LESS  THAN  600  FT. 

PERCENT  AIRPORTS  W/ 
CEILINGS  LESS  THAN 

600  FEET 

A 

1303 

906 

69.5 

8 

1276 

892 

69.9 

C 

1211 

843 

69.6 

D 

1139 

767 

67.3 

It  is  of  interest  to  note  that  of  the  airports  with  ceilings 
greater  than  600  feet,  that  more  than  90°  of  these  airports  re- 
quired remoted  altimeter  settings.  To  evaluate  the  impact  of  this, 
the  state  of  Iowa  was  selected  to  determine  the  ceiling  distri- 
bution with  and  without  the  remoted  altimeter  setting  requirement. 
The  TERPS  [ 4 ] document  states  that  the  ceiling  should  be 

increased  by  5 feet  for  each  mile  in  excess  of  5 miles  distance 
between  the  runway  threshold  and  the  remote  source.  Extraction 
of  this  ceiling  adjustment  yields  an  indication  of  the  ceiling 
due  to  local  obstructions  and  approach  procedures.  Figure  S.8 
shows  the  ceiling  histogram  for  Iowa  with  published  ceilings  and 
with  the  remoted  altimeter  setting  adjustment  extracted.  The 
net  effect  is  that  with  the  remote  altimeter  setting  adjustment 
only  58%  of  the  airports  had  ceilings  less  than  600  feet. 

Extracting  this  adjustment  yields  a total  of  86%  of  the  airports 
with  ceilings  less  than  600  feet.  Extrapolation  to  the  other 
non-mountainous  states  with  approaches  requiring  remote  altimeter 
settings  would  indicate  a larger  percentage  with  ceilings  less 
than  600  feet . 


174 


175 


The  remote  altimeter  setting  constraint  cannot  he  alleviated 
through  implementation  of  the  candidate  systems.  Hence,  for  these 
airports  a minimum  reduction  is  achieved  only  through  providing 
additional  altimeter  setting  service.  The  candidate  systems  may 
provide  further  reduction  through  approach  procedure  modification 
(replacing  circling  approaches  with  straight- in  approaches,  for 
example)  or  potential  obstruction  avoidance.  For  the  most  part, 
however,  it  was  determined  that  any  ceiling  reduction  would  be 
simply  on  the  order  of  50  feet  to  100  feet  due  to  these  potential 
procedure  changes. 

In  the  37  states  being  discussed  here,  it  was  determined 
that  less  than  4«  of  the  airports  had  ceiling  minima  greater  than 
1000  feet.  These  were  primarily  in  the  states  of  New  Hampshire, 

New  York,  Vermont  and  West  Virginia.  Some  of  the  higher  minima 
result  from  potential  winds  in  precipitous  terrain.  The  TERPS 
document  requires  that  ceiling  allotments  be  made  for  those  con- 
ditions. Some  terrain  induced  ceilings  could  be  alleviated 
through  implementation  of  candidate  systems.  However,  the  number 
of  airports  for  which  this  would  occur  is  not  significant. 

In  summary,  it  has  been  shown  analytically  that  in  the  non- 
mountainous  and  Appalachian  region  the  NPA  requirements  can  be  met 
with  Loran-C  since  it  is,  in  general,  the  only  candidate  system 
feasible  in  this  region.  Furthermore,  it  has  been  shown  that  the 
NPA  requirements  can  be  met  with  the  possibility  of  slight  improve- 
ments in  the  achievable  minima.  This  improvement  is  primarily  due  to 
potential  obstruction  avoidance.  In  the  East  Coast  off-shore 
where  Differential  Omega  is  feasible,  the  same  conclusions  apply 
to  landside  airports.  With  coverage  to  off-shore  landing  areas 
(helicopter  operations  to  oilrigs,  for  example),  the  candidate 
systems  would  provide  a NPA  capability  which  is  currently 
non-existent  except  for  several  certified  airborne  radar-assisted 
NPAs  for  oil  rigs  off  of  Jacksonville  and  Hvannis. 
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8.3.2  CONUS  Mountainous 


As  indicated  previously,  the  primary  factor  affected  by 
application  of  the  candidate  navigation  system  TERPS  criteria  is  ter- 
rain. Since  terrain  is  a distinguishing  characteristic  of  the  eleven 
western  states  the  TERPS  criteria  of  Section  8.2  were  applied 
to  all  of  the  airports  in  these  states.  The  total  number  of 
airports  examined  is  238.  The  approach  plate  for  each  of  these 
airports  and  the  appropriate  Sectional  chart  were  scrutinized 
to  determine  the  controlling  obstacle,  if  any.  An  attempt 
was  then  made  to  determine  the  impact  of  applying  the  candidate 
navigation  system  TERPS  on  the  minima  by  modifying  the  approach 
procedure  according  to  the  inherent  flexibility  of  these  systems. 

Figure  8.9,  8.10,  8.11  and  8.12  represent  histograms  of 
the  current  NPA  ceilings  for  aircraft  Category  A,B,C  and  I) 
respectively.  These  histograms  include  published  minima  in  incre- 
ments of  50  feet  from  250  feet  to  1900  feet  and  then  greater  than 
1900  feet.  This  is  significantly  greater  than  the  histograms  of  the 
non -mountainous  region  which  are  truncated  at  1200  feet.  Note,  in 
Figures  8.9  through  8.12,  that  the  distributions  contain  a larger 
percentage  of  airports  with  ceiling  minima  greater  than  600 
feet.  Table  8.4  summarizes  the  percentage  of  airports  with 
ceiling  minima  less  than  600  feet  and  those  with  ceiling  minima 
greater  than  1000  feet.  The  percentage  of  airports  with 
ceilings  less  than  600  feet  is  less  than  for  the  non-mountainous 
region  (Table  8.3).  More  significantly  the  percentage  of 
airports  with  ceilings  greater  than  1000  feet  is  greater 
than  the  approximately  41  indicated  for  the  non-mountainous 
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Figure  8.9  Current  MPA  Ceiling  Minimum  Histogram  for  Category  A 
Aircraft  in  CONUS  Mountainous  Region 
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Figure  8.10  Current  NPA  Ceiling  Minimum  Histogram  for  Category  R 
Aircraft  in  CONUS  Mountainous  Region 
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Figure  8.12  Current  NPA  Ceiling  Minimum  Histogram  for  Category  D 
Vircraft  in  CONUS  Mountainous  Region 


Table  8.4 

Summary  Airport  Ceiling  Minima  for  Mountainous  CONUS 


AIRCRAFT 

CATEGORY 

CEILING  MINIMA 

LESS  THAN  600  FEET 

CEILING  MINIMA 
GREATER  THAN  1000  FEET 

A 

63.0% 

14.0% 

B 

61.5% 

14.0% 

C 

61.0.. 

15.0% 

D 

58.0% 

17.6% 

These  percentages  imply  that  a potential  improvement  can  be 
achieved  given  that  obstruction  avoidance  in  the  MPA  flight  phase 
could  be  implemented.  The  candidate  navigation  systems  have  a smalle 
protected  airspace  because  of  improved  accuracies  over  the  current 
NPA  systems,  and  have  an  inherent  flexibility  capability  due  to 
the  RNAV  characteristic.  This  provides  greater  freedom  in 
placing  the  final  approach  path  in  a more  optimal  location  for 
terrain/obstruction  avoidance.  This  essentially  was  the  primary 
notivation  factor  in  generating  and  applying  the  candidate 
navigation  system  TERPS  criteria. 

Histograms  portraying  the  candidate  system  distribution 
of  achievable  ceiling  minima  are  shown  in  Figures  8.13,  8.14, 

8.15  and  8.16  for  aircraft  categories  A,B,C  and  D respectively. 

A larger  percentage  of  airports  have  ceilings  between  250  feet 
and  300  feet  than  is  observed  for  any  of  the  histograms  displaying 
published  minima.  This  is  primarily  due  to  the  fact  that  the 
candidate  system  minima  are  estimated  and  do  not  take  into 
account  any  conservative  factor  for  trees,  terrain,  or  other 
obstructions  not  charted  on  the  appropriate  approach  plates  and 
sectional  charts.  A more  comprehensive  analifis  kith  more 
detailed  terrain  «ap « and/er  lecal  knowledge  ef  efcatvmct tests 
••mid  he  rseaited  fee  a mere  eemctleg  meleete  *%e  histograms 


NUMBER  OF  AIRPORTS 


Figure  8.15  Candidate  System  Estimated  Ceiling  Minima  Histogram 
for  Category  A Aircraft  in  CONUS  Mountainous  Re  g ion 
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Figure  8.16  Candidate  System  Estimated  Ceiling  Minima  Histogram 
for  Category  D Aircraft  in  CONUS  Mountainous  Region 
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are  however,  indicative  of  the  types  of  improvements  achievable 
through  the  implementation  of  the  candidate  navigation  systems. 

A summary  of  the  histograms  for  the  candidate  navigation 
system  estimated  ceiling  minima  is  given  in  Table  8.5  Comparison 
of  this  table  with  Table  8.4  indicates  the  estimated  achievable 
improvement.  In  histogram  form,  the  improvements  appear  as 
indicated  in  Figures  8.17,  8.18,  8.19  and  8.20  which  indicate 
ceiling  minima  reductions  for  aircraft  categories  A,B,C  and  D 
respectively.  A large  portion  of  the  improvements  are  50  feet 
which  essentially  represent  reduced  ceilings  due  to  implementation 
of  a FAF  or  elimination  of  a circling  approach.  However,  it  is 
of  interest  to  note  that  more  than  one  third  of  all  the  258 
airports  examined  displayed  ceiling  minima  reduction  greater 
than  50  feet.  (36.1a  for  aircraft  category  A,  57. 8"  for  aircraft 
category  B and  58.7%  for  aircraft  categories  C and  D)  . 

Thus  far  the  discussion  regarding  improved  minima  has  only 
considered  the  ceiling  and  not  the  visibility.  The  reason  for 
this  is  that  the  TERPS  airspace  criteria  determine  the  ceiling 
and  other  criteria  determine  the  resulting  visibility.  Table  8.6 
is  a reproduction  of  Table  6 in  the  TERPS  document  that  shows 
the  relationship  between  ceiling  and  visibility.  From  this 
table  the  observation  can  be  made  that  a suitable  ceiling 
reduction  will  potentially  result  in  a visibility  reduction.  Hence, 
ceiling  improvement  implies  a potential  visibility  improvement 
but  never  a visibility  degradation. 
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Table  8.5 

Summary  Results  of  Candidate  System  Estimated  Ceilings 


AIRCRAFT 

ESTIMATED  CEILING 

ESTIMATED  CEILING 

CATEGORY 

LESS  THAN  600  FEET 

GREATER  THAN  1000  FEET 

A 

85.0% 

3.4% 

B 

84.5% 

4.6' 

C 

84.0% 

5.0  • 

D 


80.0% 
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CECREASE  IN  CEILING  MINM* 

Figure  8.17  Histogram  of  Ceiling  Minima  Reduction 
for  Aircraft  Category  A 
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NUHUtR  OF  AIRPORTS 
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DECREASE  IN  CEILING  MINIWM 


Figure  8.18  Histogram  of  Ceiling  Minima  Reduction 
for  Aircraft  Category  B 
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Figure  8.20  Histogram  of  Ceiling  Minima  Reduction 
of  Aircraft  Category  D 
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In  summarv,  it  can  be  concluded  that  in  the  eleven  western 
states  of  CONUS  that  significant  NPA  minima  improvements  are 
achievable.  This  conclusion  is  true  for  Loran-C  in  the  western 
CONUS  and  West  Coast  off-shore  region  and  for  Differential 
Omega  in  the  West  Coast  off-shore  region.  Since  never  once  was 
there  an  indication  of  NPA  ninimp  degradation,  it  can  be  stated 
that  the  NPA  requirements  can  at  least  be  met  if  not  significantly 
improved.  Furthermore,  because  of  the  extended  coverage  capability 
of  Loran-C  in  the  mountainous  regions,  many  more  airports  will 
receive  adequate  navigation  signal  coverage  to  provide  NPA  support. 

8.3.5  Alaska 


The  NPA  analysis  for  Alaska  follows  the  approach  taken  in 
the  mountainous  CONUS  region  as  discussed  in  the  previous  sub- 
section. The  histograms  for  the  various  aircraft  categories  are 
shown  in  Figure  8.21.  Application  of  the  candidate  system  TERPS 
criteria  yields  the  histogram  shown  in  Figure  8.22.  This 
particular  histogram  does  not  change  for  aircraft  category  since 
the  ceiling  minima  were  found  to  be  independent  of  those  factors 
affected  by  aircraft  category.  Of  the  airports  analysed  it  was 
again  determined  that  approximately  one  third  will  have  ceiling 
reductions  in  excess  of  50  feet.  Figure  8.25  shows  the  histograms 
of  achievable  ceiling  reduction  through  the  implementation  of 
the  candidate  navigation  systems  for  the  various  aircraft  cate- 
gories . 

The  estimated  NPA  minima  improvement  in  Alaska  is  significant 
with  the  candidate  navigation  systems.  Not  only  can  the 
current  NPA  requirements  be  met  hut  it  is  estimated  that  they  will 
be  exceeded  for  both  the  Loran-C  and  Differential  Omega  systems. 
Furthermore,  the  extended  coverage  capability  of  Loran-C  and 
LF  Differential  Omega  will  provide  NPA  navigation  signal  support 
for  a larger  number  of  airports  than  are  currently  being  serviced. 
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Figure  8.22  Histogram  of  Estimated  N'PA  Ceilings 
for  Candidate  Navigation  Systems 
in  Alaska 
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figure  8.23  Histograms  of  Estimated  NPA  Ceiling  Reductions  in  Alaska 


8.3.4  Additional  Factors 


Throughout  the  analysis  discussion  in  the  previous  sub- 
sections several  additonal  factors  were  identified  which  are 
manifested  as  benefits  derived  from  implementation  of  the 
candidate  systems.  The  purpose  of  this  subsection  is  to  summarize 
these  factors  and  indicate  the  potential  benefits  that 
can  be  derived.  The  first  relates  to  procedure  modifica- 
tions. This  primarily  affects  the  requirement  for 
procedure  turns  and/or  circling  approaches.  Both  of  these  pro- 
cedures are  more  complex  than  straight-in  approaches.  The  in- 
herent area  navigation  characteristic  of  the  candidate  systems 
provides  the  capability  to  provide  guidance,  in  almost  all 
cases,  for  straight-in  approaches.  The  benefit  to  be  derived 
is  a ceiling  reduction.  Another  benefit  is  a simplification 
of  the  final  approach  procedure  which  would  ultimately  provide 
reduced  cockpit  tension  and  pilot  workload. 

Another  factor  providing  additional  benefits  is  the 
extended  (broader)  coverage  capability  particularly  of  the  Loran-C 
system.  The  benefit  gained  here  is  the  provision  of  NPA  coverage 
at  airports  currently  not  being  serviced.  This  factor  not  only 
affects  the  capability  of  meeting  current  NPA  requirements 
but  also  meeting  future  requirements  as  they  arise. 

8.4  CONCLUSIONS 

In  summary,  the  following  conclusions  can  be  made  regarding 
the  ability  of  the  candidate  navigation  systems  to  meet  the  NPA 
requirements.  Neither  the  VLF  communications  or  Omega  systems 
can  meet  the  requirements  in  the  CONUS,  Alaska  or  off-shore 
regions.  The  YrLF  communications  system  is  not  a dedicated  navi- 
gation system  and  is  subject  to  maintenance  shutdowns.  A loss 
of  signal  coverage  of  this  magnitude  is  intolerable.  The  Omega 
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navigation  system  lacks  coverage  over  CONUS  and  CONUS  off-shore 
in  the  Gulf  of  Mexico.  In  the  remaining  CONUS  off-shore  and 
in  Alaska  and  Alaska  off-shore  the  Omega  system  does  not  have 
sufficient  accuracy  to  support  NPA. 

The  lack  of  standard  Omega  coverage  in  CONUS  and  Gulf  of 
Mexico  region  makes  Differential  Omega  an  unfeasible  candidate 
for  NPA.  In  Alaska,  Alaska  off-shore,  and  CONUS  East  Coast 
and  West  Coast  off-shore  regions.  Differential  Omega  has  been 
shown  to  at  least  meet  the  requirements  if  not  provide  improved 
performance.  Similarily,  Loran-C  has  been  shown  to  exceed  the 
NPA  requirements  in  the  CONUS,  Alaska  and  Off-shoe  regions. 
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IX.  CONCLUSIONS 


The  primary  objectives  of  the  study  were  met  in  that  navi- 
gation requirements  were  specified  for  CONUS,  Alaska,  and  Off- 
shore and  the  capabilities  of  the  Lor3n-C,  Omega,  Differential 
Omega  and  VLF  communications  signals  were  assessed  toward  meeting 
these  requirements.  The  navigation  system  requirements  are 
presented  in  terms  of  the  following  categories: 

• Coverage 

• Accuracy 

• Operational  Considerations 

• Capacity 

• Compabit il ity 

• Signal  Reliability 

The  navigation  system  evaluation  for  each  of  the  systems  is  dis- 
cussed below. 

Based  on  the  approved  CCZ  Loran-C  configuration,  coverage 
for  Offshore  and  Alaska  is  complete  except  for  the  North  Slope  of 
Alaska  area.  One  additional  station  would  he  required  to  complete 

the  Alaska  primary  coverage.  Given  the  additional  three  stations 
proposed  for  CONUS  midcontinent,  CONUS  primary  coverage  would  be 
complete.  However,  additional  stations  would  be  required  for  civil 
aviation  use  to  meet  redundancy  requirements  in  all  three  areas. 
Estimates  to  meet  the  redundancy  requirements  for  all  three  areas 
range  from  19  to  23  more  stations. 

The  demonstrated  accuracy  of  Loran-C  is  0.25  to  1.0  nm  (RMS) 
absolute,  and  300  feet(RMS)in  repeatability.  These  accuracies 
are  more  than  adequate  to  meet  the  requirement  of  all  phases  of 
civil  aviation  requirements  under  consideration. 


The  redundancy  issue  must  be  resolved  before  the  system  could 
be  considered  for  civil  air  use  as  the  primary  navigation  system. 

The  principal  problem  is  the  large  area,  and  potentially  large  numbe 
of  aircraft,  affected  by  the  outage  of  a single  transmitting  station 
However,  the  application  of  Loran-C  as  a supplementary  system  to 
fill  the  voids  not  covered  by  VOR/DME,  particularly  at  low  altitude, 
is  more  immediately  viable.  In  either  case,  any  increase  in  use 
by  civil  aviation  will  depand  upon  the  availability  of  suitable 
low-cost  avionics. 

Omega  was  found  to  be  an  excellent  candidate  for  Alaska  and 
Alaska  Offshore  with  good  coverage  from  four  to  six  of  the  eight 
stations,  depending  on  time  of  year  and  day.  Based  on  coverage, 
signal-to-noise  ratios,  and  geometry,  Omega  can  meet  the  enroute 
and  low  density  terminal  area  requirements  over  the  entire  Alaska 
and  Alaska  Offshore  region. 

The  final  Omega  system  cannot  be  considered  a candidate  for 
CONUS.  During  midsummer  and  midday,  a large  part  of  the  central 
CONUS  will  receive  usable  signals  from  only  two  stations  with  a 
region  about  the  North  Dakota  station  limited  to  only  one  station. 
Recent  test  data  indicate  that  the  coverage  boundary  for  station 
F (Argentina)  may  not  actually  reach  as  far  north  as  analytical 
predictions  would  indicate.  This  means  that  the  Offshore  area 
in  the  Gulf  of  Mexico  may  not  be  covered  by  more  than  two  stations 
for  much  of  the  time. 

The  accuracy  of  Omega  is  nominally  1-2  nm  (RMS).  This  is  based 
on  usable  signals  from  three  or  more  stations,  the  use  of  predicted 
phase  corrections  (PPCs) , and  reasonably  good  line-of-position  (LOP) 
crossing  angles.  The  LOP  geometry  over  the  Alaska  and  Alaska  Off- 
shore area  is  excellent  providing  further  support  to  the  viability 
of  Omega  for  that  region.  The  crossing  angles  of  the  principal 
LOPs  over  CONUS  are  notably  less  favorable. 


The  application  of  Differential  Omega  to  the  Alaskan, 

Alaskan  Offshore,  and  CONUS  Offshore  requirement  was  evaluated. 
Differential  Omega  was  not  considered  for  the  CONUS  requirement 
because  standard  Omega  coverage  over  CONUS  is  inadequate. 

Differential  Omega  using  LF  or  HF,  (radio  beacon  frequency 
channels)  was  found  to  be  a suitable  candidate  for  the  CONUS 
Offshore  requirement  on  the  East  and  l\:est  Coast.  It  was  not 
considered  for  the  Gulf  of  Mexico  Offshore  area  because  standard 
Omega  coverage  there  is  inadequate.  VII F or  other  linc-of- 

sight  frequencies  were  not  considered  for  the  telemetry  data 
link  for  Offshore  because  the  line-of-sight  range  does  not  meet 
the  coverage  requirement.  Since  Loran-C  has  been  approved  for 
the  CC2  maritime  requirement  and  most  of  the  stations  are  already 
implemented  with  the  remainder  to  be  completed  by  19S0,  it  is  not 
likely  that  Differential  Omega  will  be  necessary  or  desireable 
for  this  requirement  area. 

For  the  Alaska  and  Alaska  Offshore  areas,  Differential  Omega 
was  found  to  be  a viable  candidate  for  consideration.  This  is 
based  on  the  excellent  standard  Omega  coverage  over  the  area. 
Standard  Omega  meets  the  enroute  and  low  density  terminal  area 
requirements.  The  addition  of  Differential  Omega  will  meet  the 
non-precision  approach  requirements  as  well  as  provide  greater 
accuracy  throughout  the  Differential  Omega  coverage  area.  Eighteen 
(18)  Differential  Omega  stations,  based  on  using  LF-HF  (radio  beacon 
frequency  channels) , are  required  for  total  coverage  over  the  Alaska 
and  Alaska  Offshore  areas.  VHF  and  other  line-of-sight  frequencies 
for  the  telemetry  data  link  are  not  considered  viable  because  of 
the  mountainous  terrain  and  the  Offshore  range  requirement. 
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The  current  and  proj  ected  use  of  VLF  commur.  i cut  Lons  signals 
for  navigation  over  the  area'-  of  interest  was  investigated. 

Although  some  of  the  carl/  navigation  sets  using  VLF  communications 
did  not  make  use  of  other  radio  navigation  signals,  the  current 
approach  is  to  use  VLT  communications  signals  in  conjunction 
with  Omega  signals.  In  View  of  recent  agreements  of  understanding 
between  the  Naval  Telecommunications  Command  and  the  i'AA , this 
approach  is  sound  and  offers  advantages  which  are  not  achievable 
separately.  The  combined  signals  provide  a sufficiently  redundant, 
stable,  and  synchronized  radio  grid  about  the  globe  to  assure 
adequate  useable  signals  anywhere  at  any  time.  The  redundancy 
is  particularly  important  because  of  the  down  times  of  individual 
stations  for  scheduled  and  unscheduled  maintenance. 

Based  on  geometry  and  signal  - to-r.o  i so  ratios,  there  should 
be  at  least  four  VLT  communication  stations  providing  useable 
signals  at  any  location  and  tine  over  the  CONUS,  Alaska,  and 
Offshore  areas  which  supplemented  with  Omega  signals  will  provide 
adequate  redundancy  and  useable  geometry. 

A potentially  significant  benefit  offered  by  the  candidate  sys- 
tems considered  is  the  support  of  non-precision  approach  (NPA) 
requirements.  This  derives  from  the  wide  area  and  essentially 
all  altitude  coverage  characteristics  of  the  systems.  The  chara- 
cteristics of  the  systems  considered  are  much  the  same  in  regard 
to  servicing  non-precision  approaches.  For  these  reasons,  a 
separate  element  of  the  study,  which  analyzed  all  systems  con- 
sidered, was  devoted  to  this  topic. 

It  was  found,  based  on  study  results,  that  Loran-C  exceeded  the 
NPA  requirements  for  the  CONUS,  Alaska,  and  Offshore  regions.  Flight 
test  and  other  evaluation  studies  will  be  required  to  substantiate 
these  results.  Differential  Omega  could  also  meet  the  NPA  require- 
ments given  that  standard  Omega  coverage  is  available  in  the  area 
of  interest.  Therefore,  Differential  Omega  could  support  NPA  require- 
ments in  Alaska,  Alaska  Offshore,  East  and  West  Coast  CONUS  Offshore,  hut 
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not  CONUS  mid-continent  or  Gulf  of  Mexico  Off-shore.  Standard 
Omega  cannot  support  NPA  requirements  because  of  inadequate 
accuracy.  V LF  Comm  by  itself  cannot  be  considered  a candidate 
for  NPA  because  the  stations  are  not  dedicated  to  navigation  and 
are  subject  to  unannounced  signal  interruptions. 

Additional  benefits  that  were  found  are  derived  from  the 
inherent  area  navigation  capability  and  availability  of 
extended  coverage  from  the  candidate  systems.  The  area  navi- 
gation capability  provides  for  simplification  of  the  approach 
procedures  from  utilizing  ceiling  approaches  and  procedure 
turns  to  using  simple  straight-in  approaches.  Also,  missed 
approach  and  curved  approach  guidance  are  available  for  obstruc- 
tion avoidance.  The  extended  coverage  provides  non- prec i s ion 
approach  service  at  airports  currently  not  receiving  this  service. 
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